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ABSTRACT

Platanthera integrilabia (Correll) Luer is a terrestrial orchid native to the southern
Appalachians and is currently a (C2) candidate for U.S. federal protection as an
endangered species. A single population remains (McMinn Co., TN) comparable in size
(ca. several thousand individuals) to those first reported by botanists. Only 3.7 % of 809
plants examined in 1988 produced inflorescences. Despite floral characteristics which
would suggest efficient pollination by nocturnal (sphingid) moths, three day-flying
Lepidoptera (Epargyreus clarus, Papilio glaucus, and P. troilus) were determined to be
the pollinators of this orchid, but pollinations were sporadic despite numerous flower
visits. Percent fruit set was considerably higher at the McMinn Co., TN population
(56.9 %) compared with that recorded for two smaller populations in Rabun Co., GA
(6.9 %) and Greenville Co., SC (20.3 %). A mean of 4.7 capsules per inflorescence and
3,433 seeds per capsule was recorded at the McMinn Co. TN site. Using symbiotic seed
germination techniques, germination was highest (73.1 %) when seeds were initially
stored at 6 C and inoculated on oat meal agar (OMA) with an endophyte (Epulorhiza sp.)
isolated from Platanthera ciliaris. Less than 3 % of all seeds germinated and grew to
soil-established seedlings. Seeds exposed to a 16 hr white light photoperiod during the
first 7 days of sowing followed by incubation in darkness had a significantly higher percent
germination compared with seeds incubated in continuous darkness alone. Seedling
development was also enhanced by early light exposure. Seeds sown in situ germinated
best on soils that either contained P. integrilabia, or appeared suitable to its existence.
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Percent germination was largely inhibited. however, when seeds were placed on soil from
unsuitable habitats or sterilized soil from orchid habitats (0 %). Developmental stages of
seedlings in field sowings were more pronounced on soil from the P. integrilabia
population in McMinn Co., TN. Of the symbiotic-fonning fungi isolated from mature P.

integrilabia and related orchids (P. clavellata, P. cristata) inhabiting bogs on hydric soil,
all appeared to be unusual members of the genus Moniliopsis. These same fungi were also

obtained from seedlings germinated in situ. Fungi obtained from orchids frequenting dryer
soils were identified as Epulorhiza sp., and did not promote a symbiosis with P.

integrilabia. It would appear that the species is limited in distribution by the availability
and dependence on symbiotic fungi in the natural habitat. The survival of P. integrilabia
will probably depend on immediate federal protection as an endangered species, followed
by the introduction of seedlings derived through symbiotic seed germination into suitable
habitats.
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PREFACE
The Orchidaceae is considered by many botanists to be one of the world's most
advanced plant families as well as the largest in terms of number of species, containing an
estimated 12,000 to 35,000 in 600 to 700 genera (Dressler, 1981; Smith, 1977). In North
America, about 168 species are recognized, most of which are terrestrial (Williams and
Williams, 1983). Despite their widespread occurrence, the biology of orchids native to the
U.S. is poorly understood, particularly with regard to their symbiotic associations with
mycorrhizal fungi. All orchids are believed to require such fungi in nature for seed
germination and early seedling (protocorm) development, but for temperate terrestrial
species, the establishment of a symbiosis is especially critical and may benefit the host
orchid throughout its life. For an increasing number of species throughout the world,
conservation programs are currently being implemented to cultivate threatened and
endangered terrestrial orchids through symbiotic seed germination, since the use of this
technique is currently the most effective means to establish in vitro-grown seedlings on
soil under septic conditions. Unfortunately, the majority of the world's species have yet to
receive attention in this regard, and this is especially true for species native to the United
States. The work presented in this dissertation represents the first modem attempt in this
country to successfully germinate, grow and establish in vitro-grown, fungal infected
orchid seedlings on soil.
I chose to work with Platanthera integrilabia (Correll) Luer, an endangered species
currently listed as a C2 candidate for federal protection, since so little was known of its

xiv
biology, let alone its mycorrhizal ecology. This work initially began as a Master's project
under the direction of Dr. John Fairey; however, after successfully germinating the seeds
symbiotically for a class project in the mycology course taught by my future advisor, Dr.
Tom Mclnnis, I decided to attempt a Ph.D.• especially after learning of the critical need
for such research in this part of the world.
In the second chapter following the literature review, I outline my efforts to assess the
current status of the species. From visits to many of the species' known populations, I
attempt to describe its specific habitat, its pollinators, floral fragrances, and enumerate
every individual in two populations, including South Carolina's only known population in
Greenville County. I also piece together those factors that appear to pose immediate
threats to each population ranging from human factors (e.g., loss of habitat), to herbivory
and fungal pathogens. The chapter in its entirety was subsequently published in

Lindleyana (Zettler and Fairey, 1990), the scientific journal of the American Orchid
Society. Since then, a report by Shea ( 1992) has contributed greatly to our understanding
of the species' status, ultimately concluding that P. integrilabia should be afforded some
sort of protection.
The third chapter deals with P. integrilabia's pollination efficacy and how it is related
to its long-term survival in McMinn Co., Tennessee, the largest known population and last

stronghold for the species as it once was. From data gathered with the valuable help of
another Ph.D. student, Neeraj S. Ahuja, I present my observations on P. integrilabia's
natural pollination during both day and night during peak flowering. My main hypothesis
suggests that P. integrilabia is pollinated by night-flying moths, particularly hawk moths
(Family Sphingidae), since the floral characteristics (e.g., long nectiferous spur, fringless

xv

labellum, white color, strong early evening fragrance) point to such a pollinator based on
the available literature (Faegri and van der Pijl, 1979; Dressler, 1981; Grant, 1983). I also
speculate that if nectar volume and sugar content are analyzed over a 24 hr period, P.

integrilabia may target certain pollinators, especially those pollinating in early evening.
Lastly, I report percent fruit set for the species at that large population, as well as
determine how many seeds P. integrilabia produces per capsule under these "ideal"
circumstances. I report that fruit set is much higher (56.9 % ) in McMinn Co. than at two
smaller populations (6.9 % GA, 2.3 % SC). According to the data collected, this orchid is
pollinated primarily by three species of day-flying Lepidoptera, and such pollinations are
sporadic during insect visitations, which I attribute to floral design aimed at moth
pollination. After seemingly endless counting, I also discovered a mean of 3,433 seeds
produced per capsule, suggesting that at the McMinn Co. site, P. integrilabia
produces about 16,134 seeds per inflorescence following natural pollination. Thus, the
importance of maintaining the McMinn Co. site as a source of seed is demonstrated.
I consider the fourth chapter as the heart and soul of this dissertation, since it relates a
successful attempt to propagate this endangered and aesthetically beautiful species from
seed, and answers a number of questions that have only partially been answered for
species abroad. I address several hypotheses centered around P. integrilabia and its
fungal symbionts. First, I predict that seed germination, protocorm development and
seedling establishment are not possible without the presence of suitable fungi to initiate
the symbiosis. Second, I hypothesize that such fungi are not specific to P. integrilabia,
and that the fungi isolated from related orchids (e.g., P. clave/lata, P. cristata),
particularly those from the same population, are also capable of forming a symbiosis. The
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last major hypothesis predicts that seeds from larger populations have a higher percent
germination than those from smaller populations, with the assumption that larger
populations have reduced inbreeding and consequently, healthier progeny. From the data
collected, I conclude that (a) P. integrilabia does not require fungi for seed germination
on two agar media, but does need symbiotic fungi for protocorm differentiation and
seedling establishment on soil, (b) the endophytes of related orchid taxa are capable of
forming a symbiosis with P. integrilabia, and (c) seed source plays an important role in
seed germination and seedling establishment. The chapter was recently published in its
entirety in Llndleyana (Zettler and Mcinnis, 1992).
The fifth chapter addresses the role of white light on symbiotic seed germination.
Although the use of fungi to germinate orchid seed has been employed by several
independent research labs outside of the U. S., few have seriously considered using white
light (or lack thereof) to enhance symbiotic seed germination. Rasmussen reported that
for at least one European species, light plays a profound role on the early establishment of
a symbiosis, and speculated that early light exposure occurs naturally for most terrestrial
orchids prior to fungal infection in a substrate (Rasmussen, Andersen and Johansen,
1990a, b; Rasmussen and Rasmussen, 1991). Based on these previous reports, I
hypothesize that P. integrilabia also benefits from light exposure, but that too much
exposure inhibits seed germination. The data collected supports this hypothesis. After
seeds are exposed to a 16 hr photoperiod during the first 7 days following fungal
inoculation, both seed germination and protocorm development are significantly enhanced.
Continuous light exposure largely inhibits germination. These results revolutionized my
outlook on the symbiotic method, which normally advocates incubation in complete

..

xvii
darkness following fungal inoculation and seed sowing. I go as far as to warn future
workers to reconsider using darkness alone when attempting symbiotic seed germination,
especially for endangered species where seed resources may be limited.
The sixth chapter centers around in situ seed germination on three soil types:
unsuitable soil, suitable soil, and soil from a P. integrilabia population. My major
hypothesis proposes that P. integrilabia is limited in distribution by the availability of
suitable fungi necessary for seed ge11!1ination. After traveling to the Smithsonian
Environmental Research Center (SERC) during August of 1992, I learned of a new
technique pioneered by Drs. Hanne Rasmussen, a visiting scientist from Denmark, and
Dennis Whigham of SERC, which utilized nylon mesh packets to contain orchid seeds
thereby allowing in situ germination to be observed for the first time. Their technique,
which was subsequently published (Rasmussen and Whigham, 1993), is modified and
incorporated in order to prove or disprove this hypothesis. In addition, I also placed seeds
of P. integrilabia on the soil types contained within sterile Petri dishes. As expected,
seeds of P. integrilabia germinate best on suitable substrates, as well as on soil from
existing populations. Interestingly, however, protoconn development is more prevalent
on soils from the largest remaining population (McMinn Co., 1N). Furthermore,
germination rates are comparable to those observed during in vitro symbiotic seed
germination.
The final chapter posed the greatest difficulty for me during the duration of my
doctoral research. It addresses the identity of the fungi (isolated from adult plants)
responsible for promoting seedling establishment of P. integrilabia, and another species,

Spiranthes cernua var. cernua, cited in 2.ettler and Mcinnis (1993), and not included
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xviii
within this dissertation. As I suspected since the day they were isolated, the fungi of P.

integrilabia and related taxa that grow in close association with P. integrilabia, appear to
be unique.
At the time of this writing, and after repeated, unsuccessful attempts to induce a
perfect state, these fungi are identified as belonging to the anamorphic genus Moniliopsis.
However, preliminary enzymatic studies by Dr. Randy Currah at the University of Alberta
(pers. comm.), indicate that these isolates may be more closely allied to Epulorhiza. In
addition, I speculate that these isolates are retained by adult P. integrilabia since in situ grown protocorms also appear to harbor these same endophytes. Finally, I conclude that
until more data are collected, such unique fungi are probably restricted to orchid species
that frequent similar habitats as those capable of supporting P. integrilabia. Two of the
endophytes described in the last chapter (a "Moniliopsis" sp. symbiotic with P.

integrilabia and an Epulorhiza sp. symbiotic with S. cernua) were since deposited in the
University of Alberta (Canada) Microfungus Collection and Herbarium (UAMH) so that
future programs that implement the symbiotic method may utilize these isolates if
necessary.
It is obvious that this dissertation is only a beginning, for much work needs to be done
on the subject before this and other disappearing orchid species are safe from extinction.

...

CHAPTER I
LITERATURE REVIEW

Evolution and Speciatioo of the Orchidaceae
It is widely accepted that the Orchidaceae is the largest plant family in the world in
terms of number of species (Smith, 1977). Conservative figures estimate that there are
approximately 12,000 species in 500 genera (Dressler, 1981), whereas others estimate the
number of genera and species to exceed 1,000 and 35,000, respectively (Arditti, 1966;
Cronquist, 1981; Dressler, 1981, Williams and Williams, 1983). This number will likely
continue to rise over the short term as new species, particularly those in tropical rain
forests, continue to be described. Only three other plant families contain a comparable
number of species consisting of the Asteraceae (13,000), Fabaceae (12,000), and Poaceae
(10,000) (Willis, 1973). With so many species, it is not suprising that the family is
exceedingly diverse. Although the majority are considered herbaceous (non-woody)
perennials, others may exist as shrubs, "grasses" and vines (Arditti, 1966). It is generally
believed that the largest orchids belong to the genus Grammatophyllwn, whose species
grow to sizes approaching 5 meters in length (Dressler, 1981). At the other extreme,
adult Platystele jungennannioides of Central America rarely exceed 1 cm in length, with
flowers approximately 1 mm across (Dressler, 1981).
As monocots, orchids lack secondary growth and are therefore limited in their ability to
out-compete adjacent vegetation for sunlight. For most species, especially those in the
tropics, they have adapted to an epiphytic niche, living high in the canopy of large trees
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where sunlight is more plentiful. In cooler, temperate climates, they persist as terrestrial
autotrophs or saprophytes, and are usually overlooked compared to their epiphytic
tropical relatives. As Donovan S. Correll nicely stated (1950; p. 1 ), however, terrestrial
species hold their own in terms of beauty:
Although mention of the word "orchid" usually brings to mind sweltering jungles
offar-off lands, shrouded in mystery and romance, such need not be the case, for
perhaps the small patch of woodland lying within a stone's throw of one's home
may harbor several species of these much sought-for plants. And, although the
flowers may not, at first glance, resemble those exotics displayed in a florist shopwindow, a close examination will reveal that they are just as alluring and attractive
in their way as any of their cousins which are native to dense tropical forests.
According to Dressler (1981), the Orchidaceae is cosmopolitan in distribution, with
species extending to the very edge of the world's vegetation limit. They are found in the
Arctic and approach the Antarctic (Arditti, 1966), but are most abundant where annual
rainfall exceeds 2.5 m (Dressler, 1981). Only extreme desens lack these ubiquitous plants
(Dressler, 1981).
Due to the great diversity and success of the family, many botanists believe that orchids
represent the pinnacle of angiosperm evolution. Unfonunately, it is difficult to trace the
origin of the family since there is virtually no known fossil record (Cronquist, 1981).
Nevenheless, at least 3 extinct orchidaceous or protoorchidaceous fossil genera

(Palaeorchis, Protorchis, Orchid.a.cites) are generally recognized (Schmid and Schmid,
1977) and date back to the Eocene and Pliocene.
According to Currah (1991), who based his position on mycorrhizal associations, the
Orchidaceae probably evolved from a lily-like (terrestrial) ancestor and adapted to an
epiphytic habit during the late-Cretaceous period. Agreeably, Cronquist (1981)
speculated that the Orchidales evolved from the Liliales, and possess evolutionary
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advanced characters (i.e., are phyletically acropetal). The extreme success displayed by
these plants today probably stems from their elaborate and specialized pollination
mechanism(s) that transfer large amounts of pollen to specific pollinators (Cronquist,
1981). As Cronquist (1981; p. 1233) states, "This strategy (efficient pollination) puts the
plants in thrall to their pollinators, but it opens the door to explosive speciation". It is
generally accepted that the family's diversity is also attributed to the a unique symbiosis
with higher, wood-decaying fungi (Currah, 1991), as well as their ability to colonize
distant areas due to their small, dust like seeds that are carried by wind current
(Cronquist, 1981).

Primazy Characteristics of the Orchidaceae
Orchids first got their name from the ancient Greek scholar Theophrastus who noted
that the roots of these plants resembled testicles. In fact, the Greek word "orchis" literally
means "testicle". Carolus Linnaeus, in his classic work Species Plantarum. published in
1753, established the genus name Orchis for these unusual plants.
As with most plant families, the most distinguishing features of the Orchidaceae lie in
the flower's structure. The unusual floral traits that characterize the family were
documented by Dressler (1981):
1. Three stamens positioned to one side of the flower. Dressler (1981) states that

the majority of the orchids have one fertile stamen, with only a single
(primitive) genus with three.
2. Each flower contains a column which consists of a united stamen and pistil.
3. The stigma partially functions in the transfer of pollen and is known as the
rostellum. Dressler (1981) considers this another key feature in orchid
evolution.
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4. Orchids possess a lip or labellum, consisting of a modified petal located oppsite
of the fertile stamen.
5. Pollen is contained in masses tightly held together and are termed pollinia.
6. Most orchid flowers twist 180 degrees just prior to anthesis. This movement
positions the labellum below the fertile stamen, and has been termed
resupination.
As stated earlier, orchids also form a unique symbiotic association with mycorrhizal
fungi. While other, more primitive (VAM) fungi are frequently associated with nearly all
angiosperms, very few possess endophytic associations which utilize higher
(basidiomycete) fungi, the only exception being the Ericaceae (Moore-Landecker, 1972).
There is also mounting evidence that orchids actually parasitize their fungi (Rasmussen
and Whigham, 1993), since the plant clearly benefits from such an association, while the
fungus is often digested and destroyed (Clements, 1988).

The Genus Plaranthera
In 1818, the French botanist Louis Claude Marie Richard proposed the formation of a
third genus, Platanthera, from Orchis and Habenaria (Shea, 1992). Dressler (1993), in
his recent book, Phylo~ny and Qassification Qf ~ Orchid Family places the genus

Platanthera in the in the subtribe Orchidinae, in the tribe Orchideae and subfamily
Orchidoideae. Under this classification system, Platanthera and 33 other genera (e.g.,

Dactylorhiza, Galearis, Orchis, Piperia) in the Orchidinae are separated from the
Habenariinae, which contains the closely-related genus Habenaria. But despite Dressler's
(1993) classification, it is still very difficult to separate members of Platanthera from

Habenaria. Luer (1972) considered Platamhera to be a more temperate genus whereas
Habenaria occurs largely in tropical climates. He also stated that species of Platanthera
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lack stigmatic processes, whereas in Habenaria, such processes are large and fleshy (Luer,
1972). Apparently, the presence or absence of the stigmatic process is the only definitive
means to separate the two genera (Luer, 1972).

In general, members of Platanthera are characterized by having fleshy roots, a raceme
of medium-sized flowers, a dorsal sepal hood enclosing a short column, the presence of a
long nectar spur at the base of the labellum, club-shaped pollinia attenuated at the base by
a viscid disc, and a vestigial anther resembliing a small ear (Luer, 1972). In North America
excluding Mexico, about 26 species are recognized (Williams and Williams, 1983), of
which only about half listed as Habenaria are described as native to the Carolinas by
Radford et al. (1968).

Life History of Platanthera integrilabia
The earliest record of this distinct taxon dates back over 150 years ago to a herbarium
specimen collected in Georgia in 1840 by L. B. Buckley (Shea, 1992). Oakes Ames
(1910), one of the foremost American orchidologists, made the first published reference of
the orchid when he described a specimen from the Cumberland Mountains of Tennessee
collected in 1888 as being, "a form with an entire labellum" (p. 171). Thirty-one years
later, Donovan Correll (1941) recognized it as a distinct taxon, and considered it a variety
of the White Fringed Orchid (Habenaria blephariglottis), based on its large flowers and
fringless (entire) labellum (Correll, 1941, 1950). The type specimen, obtained from
McCreary Co., Kentucky, was subsequently designated, and several isotypes were later
shipped to various herbaria (Correll, 1950). In his book, Native Orchids of Nonh

America (1950), Correll mentioned that it, "seems fairly common locally on the
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Cumberland Plateau" (p. 59), and made reference to a letter by Dr. F. T. McFarland which
stated, "There are literally lOO's of these plants in this (McCreary Co., Kentucky) bog... "

(p. 60). In 1975, Carlyle Luer elevated the variety to species status within the genus

Platanthera in his book, Native Orchids Qf ~ United States .and Canada Excludin~

Florida, and named it Platanthera integrilabia (Correll) Luer.

Luer's (1975) description

for the species follows (p. 186):
PLANT: slender, erect, glabrous, leafy, up to 60 cm tall. ROOTS: several, fleshy.
LEAVES: 2 to 3, elliptic to lanceolate, green, keeled, up to 20 x 3 cm, sheathing the
stem below, dwindling to a few bracts above. INR..ORESCENCE: loosely few-tomany flowered, with 6 to 15 white flowers. FLORAL BRACT: lanceolate, 10 x 3
mm. OVARY: slender pedicellate, 15 x 2 mm. DORSAL SEPAL: suborbicular,
concave, 8 x 6 mm LATERAL SEPALS: broadly ovate, obtuse, oblique, reflexed,
9 x 7 mm. PETALS: oblong, entire, 7 x 2.5 mm. LIP: spatulate-lanceolate,
narrowed in lower third, margin finely serrated, 13 x 13 mm; spur slender, curved, 4
to 5 cm long. COLUMN: large, 5 x 5 mm, anther sacs widely divergent.
CAPSULE: ellipsoid, 15 x 3 mm. COMMON NAME: Monkey-face.
FLOWERING SEASON: August and September.
Since then, Gleason and Cronquist (1991) have proposed a new name, Habenaria

co"ellii, which most authorities (e.g., Shea, 1992) have rejected in favor of its continued
placement in Platanthera.
Since its initial discovery in Georgia and Kentucky, the species was later discovered in
five additional southeastern states (Alabama, Mississippi, North Carolina, South Carolina,
Tennessee) and possibly an eighth (Virginia) (Shea, 1992). As recent as 1992 it was
known to persist in all the above states with the exception of Mississippi, North Carolina,
and Virginia (Shea, 1992). It occurred as late as 1974 in Mississippi, but that state's only
population was disturbed by extensive construction and was not seen there since (Shea,
1992). As many as 65 populations of P. integrilabia have been identified, of which only
30 were known to be extant in 1991 (Shea, 1992). Twelve additional (flowering)
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populations have been reported in the past 25 years but could not be relocated (Shea,
1992). The remaining populations were listed as either unknown (i.e., records older than
25 years, or insufficient data for relocation) or extirpated (lost to habitat destruction)
(Shea, 1992). It is currently listed as a C2 candidate for federal protection on the List of
Endangered and Threatened Wildlife and Plants (U.S. Fish and Wildlife Service, 1990).
State protection has been awarded to the species in just three states (Kentucky, North
Carolina, Tennessee) (Shea, 1992). A number of threats have been identified that could
likely lead to its extinction. Based on historical literature (e.g., Correll, 1950; Ettman and
McAdoo, 1979), over-collecting by botanists appears to have contributed to the species'
decline, with some decline also attributed to the nursery industry (Ettman and McAdoo,
1979). Other factors that have threatened the species' existence include destruction of the
habitat [construction, draining, logging, clearing nearby vegetation, oil drilling (Shea,
1992) and drought (United States Department of Agriculture Forest Service et al., 1988)].
It would appear that P. integrilabia occupies only very unique habitats, and this may
partially account for its limited distribution. Correll (1950) described the habitat as,
"...sphagnum bogs, grassy swamps, marshes, ravines and along streams. It occurs up to
2,000 feet altitude in North Carolina and Tennessee." (p. 60), while Luer (1975)
commented, " ...P. integrilabia is confined to the deep shade of damp deciduous forests.
Thousands of single-leaved seedlings may crowd each other in the thick leaf litter and
sphagnum moss along shallow wet ravines and depressions" (p. 186). Shea (1992),
however, probably gives the most accurate general description of the habitat: "P.

integrilabia is found in wet, flat, boggy areas at the head of streams or seepage slopes.
The species is often found in association with Sphagnwn species in acidic muck or sand
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and usually grows in partial shade" (p. 19). She also noted that most populations lie
beneath a canopy of Acer rubrum and Nyssa sylvatica, and are associated with an
understory of Chasmanthium laxum, Eupatoriumfistulosum, Lobelia cardinalis, Lycopus

virginicus, Osmunda cinnamomea, 0. regalis, Oxypolis rigidior, Dichanthelium
acuminatum, Parnassia asarifolia, Solidago patula, Thelypteris noveboracensis, and
Woodwardia areolata, along with two other Platanthera species (P. ciliaris, P.
clavellata) (Shea, 1992). Soils of the habitat have been described as acidic and poorly
drained with low fertility and low organic matter (Shea, 1992).
Very little is currently known of the biology of P. integrilabia. Correll (1950) first
noted that its cultivation at that time remained a mystery. Kral (1983) reported that each
individual root stock produces a single flowering stem when mature. Luer (1975)
observed that a very small number of individuals flower each year in a given population.
Shea (1992), while assimilating her status survey during peak flowering, noted only one
insect (bee) visiting the flowers of P. integrilabia, but her observations were conducted
during the day when other potential pollinators (moths) could have been less prevalent.

Floral Biolo~ and Pollination in North American Platanthera
The earliest record of North American Orchidaceae breeding systems was probably
reported by Asa Gray (1862a, b) when he determined that Platanthera clavellata and P.

hyperborea were self-pollinating (Catting and Catting, 1991). Since then, information on
the pollination of the North American Orchidaceae exists for only about 36 % of the
species (Catting and Catling, 1991), and excludes P. integrilabia. Members of the genus

Platanthera are usually pollinated by butterflies and moths (Order Lepidoptera),
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panicularly the latter (Catling and Catling, 1989). Folsom (1984) noted that brightly
colored North American species are usually pollinated by butterflies. Other pollinators
include bees (Smith and Snow, 1976; Cole and Finnage, 1984) and mosquitoes
(Stoutamire, 1968; Thien, 1969). Based on the little available literature, Catling and
Catling (1991) speculated that pollination is generally accomplished in southern areas by
larger Lepidoptera, whereas small moths, flies, mosquitoes, and wasps predominate in
northern regions extending into the Arctic and alpine. He further noted that a pattern
emerged that linked large Lepidoptera pollination with more limited orchid distributions,
whereas orchids pollinated by smaller Lepidoptera had larger distributions (Catling and
Catling, 1991). Examples include Platanthera grandiflora vs. P. psycodes (Stoutamire,
1974a), P. praeclara vs. P. leucophaea (Sheviak and Bowles, 1986), P. orbiculata var.

macrophylla vs. P. orbiculata var. orbiculata, and P. blephariglottis var. conspicua vs. P.
blephariglottis var. blephariglottis (Catling and Catling, 1991). Calling and Catling
(1991) also noted that different species of the same type of pollinator (e.g., Papilio spp.)
are found throughout different geographical regions of an orchid's range, and based this
conclusion on the observations of Robertson and Wyatt (1985, 1990a, b) for P. ciliaris.
For Platanthera as well as most members of the tribe Orchideae, the pollinia exist as
separate structures (Dressler, 1993). Both are usually deposited on smooth surfaces of
the insect, panicularly the tongue and compound eyes. This is especially important for
orchids pollinated by the Lepidoptera, since the sticky visidial discs will not adhere to
other parts of the insect due to numerous detachable scales ( Calling and Catling, 1991 ).
For orchids closely related to P. integrilabia (P. blephariglottis, P. ciliaris), pollinia
usually attach to one or more compound eyes, sometimes numerously so, causing apparent
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and lasting blindness (Nilsson, 1978). In order to accurately contact the stigma, members
of the genus Platanthera and few other orchids (e.g., Oncidium) have evolved a pollinia
bending mechanism (Catling and Catling, 1991). Upon removal from the column, the
pollinium stalk, located between the pollen mass and viscidium, is believed to be affected
by changes in humidity. In P. blephariglottis, this bending takes approximately one
minute, and usually occurs after pollinators have visited a second (unrelated) inflorescence
(Cole and Firmage, 1984).
During flower visits in Platanthera, pollinators are almost always rewarded with
nectar, except in extreme cases when flowers are self pollinating (e.g ., P. clavellata)
(Luer, 1975). Nectar rewards are located in an elongated tube or spur attached to the
base of the labellum, and is accessed by the tongue or proboscis of the insect. In P.

stricta, however, nectar is also extrafloral, and probably serves to lure small pollinators
into locating the apenure spur (Patt et al., 1989). In order to obtain the most nectar, the
proboscis must be long enough to extend down the length of the tube. Longer spurs have
evolved in some Platanthera species to ensure pollinia attachment and cross pollination.
Some workers have suggested that this has led to additional speciation within the genus.
A good example was reponed by Stoutamire (1974) after he noted that the flower
structure of P. psycodes var. psycodes favored shon-tongued Lepidoptera allowing
pollinia to be attached to the proboscis; in P. psycodes var. grandijlora, long-tongued
lepidoptera were favored allowing pollinia to be carried on the eyes. This form of
reproductive isolation clearly justified the elevation of both varieties to separate species
(Catling and Catling, 1991). Luer (1975) speculated that the white flowers and long
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nectar spurs of P. integri/abia probably prevented it from hybridizing with related
associated taxa such as P. ciliaris.
Fruit set in the genus appears to be pollinator limited based on that reported for at least
three species, P. blepharig/ottis (Cole and Firmage, 1984), P. ciliaris (Gregg, 1989;
Robertson and Wyatt, 1985, 1990a) and P. stricta (Patt et al., 1989) (Catling and Catling,
1991). In terms of seed set, it is not yet known how many seeds are produced per capsule
within the genus; however, Arditti (1966) reported that within the family, as few as 1,330
seeds are produced per Coeloglossum viride capsule to as many as four million in

Cycnoches ventricosum. for the terrestrial Orchis maculata, which was placed in the
same subtribe as Platanthera by Dressler (1993), considerably fewer seeds (6,200) are
produced (Arditti, 1966).

Histozy of Symbiotic Seed Gennination
During the 18th and 19th centuries when orchids were being collected in the tropics
during botanical explorations, it became obvious that germinating orchid seed was
seemingly impossible (Hadley, 1989). The seeds of such beautiful and unusual plants
simply did not germinate and grow as those of other angiosperms. In 1824, Link first
observed that orchid roots were associated with various fungi and even made sketches;
however, he did not fully understand their role with orchids (Arditti, 1990). At least nine
additional studies published between 1847 and 1899 also noted the existence of fungi with
orchid root systems without realizing their importance (Arditti, 1990), despite the fact that
as early as 1849 seedlings were routinely obtained when seeds were sown adjacent to
adult plants (Arditti, 1984, 1990). Finally in the very late 19th century, the "Father of
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Symbiotic Seed Germination", Noel Bernard, discovered seedlings of Neottia nidus-avis
while walking in a forest (Arditti, 1966), and examined them carefully in the laboratory.
He then observed pelotons (hyphae) within the seedlings and later published his
conclusion that " .. .Neottia plants are associated with their fungi during all stages of
development" (Bernard, 1899 in Arditti, 1990; p. 27). He expanded his research on the
subject and later wrote:
Although the fungi can live apart from their host plants, the orchids themselves
require the presence of their guests for their own development. ..1 have examined a
large number of young orchids which had germinated in very varying conditions, and
I always noticed that they were invaded by the fungus from the beginning of their
life. The orchids are therefore practically dependent on their parasitic fungi, since
they do not grow without them." (Bernard, 1906, 1907 in Arditti, 1990; p. 27).
According to Arditti (1990), Bernard's work, ".. .laid the foundation of orchid mycorrhiza
studies" (p. 28). Unfortunately, Bernard died shortly thereafter (1911) and could not
follow up on his research efforts (Arditti, 1990). Subsequently, work with symbiotic seed
germination resumed under the direction of Hans Burgeff (Arditti, 1966). He and his
students continued to succeeded in germinating and occasionally propagating orchids to
maturity using a wide range of fungi (Arditti, 1966). They later concluded that such fungi
penetrate and influence the metabolic activity of the embryo (Arditti, 1966).
Between 1918 and 1922, another orchidologist, Louis Knudson, second-guessed the
findings of Bernard and Burgeff, and successfully germinated orchid seed in the absence of
fungi (asymbiotic germination) using simple sugars (e.g., glucose and sucrose) in the
medium (Arditti, 1990). The seeds he used were obtained largely from tropical epiphytic
orchids namely Cattleya and Epidendron, and later Cymbidium, Odontoglossum and

Dendrobium (Arditti, 1990). His initial success inspired him to attempt germination of
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European terrestrial species (Ophrys sp.), but unlike the epiphytic species, seed
germination was extremely difficult (Arditti, 1990). The overall success of Knudson's
work with epiphytic species, however, enabled him to boldly conclude that fungal
infection was never proven to benefit the orchid, and that symbiotic seed germination was
simply due to the presence of starches, sugar or other environmental stimuli (Knudson,
1925). He also suggested that fungal infection was not necessary for -growth (Knudson,
1925). This resulted in a long-standing feud between the Knudson camp, and followers of
Bernard (symbiotic germination). Support for Knudson's hypothesis later escalated,
especially after he obtained flowering specimens from his laboratory seedlings; however,
he still failed to grow numerous North American terrestrial species (e.g., Cypripedium,

Goodyera) (Arditti, 1990) and he later concluded that mycorrhizal fungi may provide
orchid embryos with certain enzymes (Arditti, 1966). Nevertheless, the overall success of
his methods for epiphytic species were greatly praised and adopted by the orchid
community, particularly the horticulture trade, even to this day. In comparison, symbiotic
seed germination took a back seat for about half a century, being relegated to research

programs emphasizing mycology rather than orchidology (Hadley, 1989). Non-scientists
such as nurseryman Joseph Charlesworth advocated the symbiotic method, but to no avail,
(Hadley, 1989), despite the fact that he was able to propagate millions of Odontoglossum
in that manner (Stewart and Mitchell, 1991). It was simply too burdensome to grow two
organisms (orchids and fungi) instead of just one (orchids). Knudson's work has thus been
widely regarded as a grave setback to the study and success of symbiotic methods for
terrestrial species.
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Research in symbiotic seed germination between 1930 and 1960 did continue, but was
sporadic (e.g., Downie, 1940; Mollison, 1943), with Burgeff and John Curtis probably
contributing the most to the field. Burgeff continued to study the orchid-fungus
relationship and steadily published along the way (e.g., Burgeff, 1932, 1934, 1936, 1938,
1943, 1954, 1959). During the Second World War, his laboratory was destroyed in a
bombing raid but he continued his research shortly thereafter (Arditti, 1990). His
mysterious activities during the war caused some to think he was a Nazi sympathizer
(Arditti, 1990). Arditti (1990) stated that his clouded past, "would not endear him to
many people at present" (p. 37). He devoted the last ten years of his life to orchid
conservation until his death in 1976 at the age of 93 (Arditti, 1990). Curtis published
several articles between the late 1930s and late 1950s relating to symbiotic associations
with orchids and fungal taxonomy. Some of his best known papers centered around
fungal specificity in the Orchidaceae (Curtis, 1937, 1939).

Symbiotic Seed Gennination "Rebom"- Ibe Last 30 Years
The 1960s and early 1970s represented a turning point in the study of the orchid
symbiosis, whereby traditional techniques from earlier decades were reintroduced. While
earlier attempts focused on mostly seed germination alone, studies during the 1960s and
early 1970 s were largely physiological in nature (e.g., Smith, 1966, 1967, 1973; Harvais
and Hadley, 1967a, b; Purves and Hadley, 1975); however, others were morphological
(e.g., Williamson and Hadley, 1970; Hadley, Johnson and John, 1971, Nieuwdorp, 1972),

taxonomic (from standpoint of the fungus; e.g., Warcup and Talbot, 1966, 1967, 1971;
Tokunaga and Nakagawa, 1974) and traditional (Warcup, 1971, 1973). By the mid-
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1970s, emphasis suddenly shifted to orchid conservation as the problems of human overpopulation began to emerge.

In 1975, two Australians once again revived the symbiotic method, and demonstrated
its practicality for use in terrestrial orchid conservation programs (Hadley, 1989). Mark
Clements, with the help of J. H. Warcup, implemented a program at the National Botanic
Gardens in Australia to germinate terrestrial orchid seed on oat-based media. Their
method was so successful, he later concluded, "symbiotic germination...offers a feasible
alternative to conventional asymbiotic methods" (Clements, 1981; p. 7). Further, he
outlined the advantages of the symbiotic method (Clements, 1981):
1. Fonnerly difficult terrestrial species germinated symbiotically.
2. Growth rates were comparable to those observed in the wild and "superior to
those seedlings grown in asymbiotic conditions in almost all cases" (p. 7).
3. A high percent gennination was usually the norm instead of the exception for
many difficult species.
4 . Seed can be better tested for viability when inoculated with fungi.
5. Seedlings derived through symbiotic means adapt better to potting cultures
compared with seedlings derived asymbiotically.
Several articles were subsequently published by Clements describing germination of
over 70 species native to Australia (e.g., Clements and Ellyard, 1979; Clements, 1981,
1982). This resulted in an immediate and widespread interest in the technique outside of
Australia. The British were so impressed, that Clements was recruited to propagate
European species at Kew (H. N. Rasmussen, pers. comm.). Under his guidance, the
British perfected the technique and have been largely successful ever since (Clements,
Muir and Cribb, 1986; Muir, 1987), culminating in the seed germination and soil-
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establishment of 63 and 44 species, respectively (Stewan, 1993). Despite this success,
Stewan and Mitchell (1991) reported that much more needs to be done to propagate
those species most threatened, and often most difficult to propagate from seed.
Meanwhile, the Australians have continued to propagate orchids symbiotically and
improve the methods as they go (e.g., Dixon, 1987). They have also been active in
traditional research involving the orchid-fungus association (e.g., Ramsay, Dixon and
Sivasithamparam, 1986; Clements, 1988), and the taxonomy of fungal symbionts (Ramsay,
Sivasithamparam and Dixon, 1987; Warcup, 1991). The work accomplished by
Clements has inspired additional research involving the orchid-fungus symbiosis in Canada
(Currah, 1987; Currah, Sigler and Hambleton, 1987; Currah, Hambleton and Smreciu,
1988; Smreciu and Currah, 1988; Peterson and Currah, 1990; Currah, Smreciu and
Hambleton, 1990; Masuhara and Katsuya, 1991; Currah and Sherburne, 1992; Currah and
2.elmer, 1993), Denmark (Rasmussen, 1990, 1992; Rasmussen, Andersen and Johansen,
1990a, b; Rasmussen, Johansen and Andersen, 1989), Italy (Marchisio et al., 1985), and
Japan (Terashita, 1982; Tsutsui and Tomita, 1986, 1988; Uetake, Kobayashi and Ogoshi,
1992). Work by the Canadians and Danes has been largely mycological and
physiological, respectively, whereas the Japanese have focused mostly on both
mycological and horticultural aspects. Oddly, there now appears to be a growing interest
in the mycorrhizal associations of epiphytic species (Hadley 1985; Richardson, Currah and
Hambleton, 1993) for which there is virtually no recent information.
Despite all of the international interest in symbiotic associations of orchids, there exists
no modern-day information on terrestrial orchid mycorrhiza for species native to the
United States, panicularly involving in vitro micropropagation. Rasmussen and Whigham

17
(1992, 1993), however, recently published a new technique to observe seed germination in

situ for the first time for a limited number of American terrestrial species (Liparis,
Tipu/aria, Goodyera, Galearis, Corallorhiza).

MolJ>holo~ and Anatomy of the Orchid-Fun~al Symbiosis
Following its liberation from a capsule, an orchid seed may travel a considerable
distance until it lands on a substrate. Once deposited, the embryo absorbs water and may
lie dormant in this state for up to 24 months, until it comes into contact with a suitable
fungus (Arditti, 1966). Prior to 1988, there existed a controversy regarding the infection
process of the orchid-fungal symbiosis from a morphological perspective. The classic
work of Noel Bernard (1909) enabled him to conclude that seed germination is initiated
for both epiphytic and terrestrial species when the fungus enters through the suspensor cell
of the embryo (Clements, 1988). As expected, his views were challenged by Knudson
(e.g., 1925) as well as modern investigators, particularly Geoff Hadley (1970, 1982).

Recently, the controversy was addressed in detail for the first time by Mark Clements in
an enlightening article entitled, "Orchid mycorrhizal associations" (Clements, 1988). After
careful observation, he sided with Bernard ( 1909), and also provided some fascinating
additional information. He concluded that at the time of germination, the embryo is
comprised of four (possibly five) distinctive and functionally different cells: suspensor,
epidermis, cortex, and the meristem (Clements, 1988). This differs from previous reports
stated in Arditti (1967, 1979). While contact was noted to be haphazard, fungal hyphae
first entered through the suspensor cell, after penetrating the seed coat via micropores
(Clements, 1988). Cortical cells where then targeted resulting in the formation of pelotons
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- the first sign of symbiotic establishment (Clements, 1988). After the appearance of
pelotons, a meristematic region appeared brought about by mitotic division. Rhizoids
soon emerged from single epidermal cells and later become a multicellular complex that
allowed a means for fungi to penetrate into the surrounding substrate (Clements, 1988).
An outer cortex soon developed which consisted of a zone for fungal digestion and

renewal (Clements, 1988). Within cortical cells, fungal hyphae were observed to swell to
four or five times their original size resulting in hyphal breakdown and subsequent transfer
of fungal cytoplasm (organelles) to the host cell (Clements, 1988). Fungal nuclei were
surrounded by numerous mitochondra and Golgi bodies (Clements, 1988). In cases where
symbiosis failed, Clements (1988) identified three possible explanations:
1. The fungus failed to infect the embryo.
2. The fungus penetrating via the suspensor "was not halted at the cortex...instead
continued to infect all embryo cells, including the meristem" (p. 80).
3. The fungus entered through the epidermal cells resulting in death of the
embryo.
Finally, and importantly, he concluded that "...mycorrhizal fungi are important during the
early stages of seedling development, irrespective of any capacity of the developing
protocorm to photosynthesize" (Clements, 1988; p. 85).

PhysioloeY of the Orchid-Fun2aI Symbiosis
For temperate terrestrial orchids, it has been speculated that the seeds contain some
type of dormancy mechanism (Arditti et al., 1990) that has been blamed for the

problems associated with their germination. Current evidence has not ruled out the role of
an abscissic acid (ABA)-induced dormancy (Van der Kinderen, 1987), but orchid seeds do
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not appear to respond to treatments which are known to break this dormancy in other
plants (Arditti et al., 1990). Temperature effects have been linked to orchid seed
germination with most authorities reporting an optimal range of between 10 and 35 C
(Stoutamire, 1974b; Arditti et al., 1990). While some reports advocate vernalizing orchid
seeds prior to sowing (e.g., Arditti et al., 1990), others find that germination is enhanced
when seeds are subjected to elevated temperatures for hemicryptophytic orchids (e.g.,

Galeola septentronalis; Nakamura 1964, 1976, Nakamura, Uchida and Hamada, 1975) or
warmer temperatures (23 C) for temperate species (Arditti et al., 1990). Thus, it is very
likely that optimal temperatures appear to vary considerably depending on the species.
Like temperature, light appears to play a prominent role on orchid seed germination,
but its effects probably vary depending on the species. While some terrestrial species
appear to benefit from light exposure in symbiotic culture (Rasmussen et al., 1990b),
others are clearly inhibited (Stoutamire, 1964), even at light levels as low as 1.2 µm m-2s2 (Van Waes and Debergh, 1986). Other than recent work by Rasmussen and Rasmussen
(1991), in which seeds of Dactylorhiza majalis were shown to be stimulated and inhibited
by red and green light, respectively, virtually no information exists on the effects of light
spectra on germination.
A topic of recent speculation has been the specific contribution of symbiotic fungi to
their orchid host. There is evidence that the fungal symbionts translocate amino acids
(Mead and Bulard, 1975), phosphate (Alexander, Alexander and Hadley, 1984), vitamins
(Hijner and Arditti, 1975), sugars (Smith, 1973) and various proteins (Arditti et al., 1990)
to the orchid, and that this takes place after digestion of fungal hyphae (pelotons). It is
also clear that on media lacking sugars and fungi, germination will not commence even
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when supplied with nutrients normally provided by fungal hyphae, including fungal
extracts (Arditti et al., 1990). Under this scenario, it has been suggested that, at least for
temperate orchids, fungal (cellular) contact is a requirement for germination, and that
some elicitor molecule may be involved (Arditti et al., 1990). Interestingly, Rasmussen
(1990) determined that germination is stimulated "before there is contact between the
hyphal wall and the host plasmalemma" (p. 146). Arditti et al. (1990) proposed that if
germination-promoting substances exists, they would "be produced only by a living
fungus, would not leak into media from the fungus, are not present in culture media
additives employed to date, could be very unstable, may not be taken up by the orchid, do
not pass through dialysis tubing, could enhance DNA synthesis, bring about gene
amplification, and provide genetic information" (p. 252). The points addressed by Arditti

et al. (1990) are purely speculative, but may in fact be supponed by the recent
observations of Rasmussen (1990, pers. comm.) who noted that fungal hyphae as pelotons
are closely associated with the nuclei of orchid cortical cells. Due to the lack of
information in this area as well as the advent of molecular techniques, it is likely that this
mystery could well be solved in the coming years.
From the perspective of the fungus, there is currently no evidence that would suggest
that the orchid symbiont benefits from such an association. It has even been suggested
that because fungal pelotons are digested, orchids actually parasitize their fungi, and this
belief is gaining in popularity (Harley and Smith, 1983; Clements, 1988; Rasmussen and
Whigham, 1993). In order to prevent the spread of the fungus throughout the protocorm,
it is believed that defensive compounds or phytoalexins are employed (Fisch, Brigitta and
Arditti, 1973). Clements (1988) even speculated that endophyte control could involve
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mRNA during the infection process, as seen in legumes and associated with Rhizobium
bacteria.

Fun~al Specificity?
When endophytic fungi were first isolated and their relationship with orchids
established, it was assumed that they were exclusive to that host species (Hadley, 1989).
Burgeff in particular strongly believed in the one fungus/one orchid theory and thought
that the group as a whole represented a unique assemblage of fungi he named

Orcheomyces (Arditti, 1990). Later, fungi he used the convention of combining the
fungus name with the name of its orchid host [e.g., a fungus he named Mycelium radicis
(M.R.) was followed by the name of the orchid (e.g., M. R. Thrixspennum arachnites)]

(Arditti, 1990). Years later, Burgeff discredited the theory after the evidence against
specificity mounted (Arditti, 1990). Meanwhile, Cunis (1939) introduced a more
advanced concept that linked various isolates to a particular orchid's habitat (Hadley,
1989). Later, however, Warcup (1971) reponed that for some orchids, there existed great
specificity, but went on to emphasize, "...that this is not necessarily the case with all
orchids" (p. 45). With the advent of Australian micropropagation success during the mid1970s, the question of specificity could finally be answered quantitatively. Ten years after
reporting great specificity within some taxa, Warcup (1981) noted that a given isolate was
often associated with a group of closely related orchids. This was also witnessed by Muir
(1987) who demonstrated that isolates from various Orchis spp. were effective in the
symbiotic germination of O. la.xiflora (Hadley, 1989). Hadley (1989) pointed out that for

Goodyera repens, which is only associated with one particular endophyte in nature, is
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easily germinated by a wide array of isolates from unrelated tax.a. This same phenomenon
has been reported for other orchids, primarily in Australia (Warcup, 1975, Clements,
1981, 1982). Smreciu and Currah (1989), and Harvais and Hadley (1967) reported that
the endophytes from one species do not always promote seed germination of that same
species. Many additional studies have concluded that the orchid-fungus association is
rarely species-specific (e.g., Hadley, 1970; Tsutsui and Tomita, 1988). But based on the
little available literature, specificity is either profound, non-existent, or a little of both,
depending on the species. Furthermore, until more is known about the identity of orchid
endophytes, this question may never be resolved fully.

Taxonomy of Mycorrhizal Funei
Very little has been learned of the identity of orchid endophytes (Arditti, 1990) ever
since they were first isolated by Noel Bernard (Hadley, 1989). Following Burgeffs
taxonomic treatment, in which he classified them as Orcheomyces (Arditti, 1990), other
workers (e.g., Curtis, 1939) considered them species of Rhizoctonia. This classification
has persisted to at least 1987 and is still adopted today by some workers (e.g., Tsutsui and
Tomita, 1988; Warcup, 1991). Efforts by Warcup and Talbot (1966, 1967, 1971) to
induce perfect states for some Australian Rhizoctonias were generally successful, resulting
in the descriptions of several new teleomorphic taxa (e.g., Thanatephorus orchidicola,

Ceratobasidium sphaerosporum). The primary technique they employed consisted of the
soil-on-agar culture method (Stretton et al., 1964; Warcup and Talbot, 1965, 1966) in
which a clay "casting soil" was poured over the culture. Yet despite this success, inducing
the perfect state of "orchidaceous Rhizoctonias" was a difficult and sporadic process, and
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severely limited the knowledge base associated with symbiotic seed germination.
Furthermore, since the Rhizoctonia complex represented an artificial assemblage of
unrelated fungi (e.g., ascomycetes, ustomycetes, homobasidiomycetes and
heterobasidiomycetes; Moore, 1987), it was clear that many isolates could not be
depended on to produce a perfect state using a single fruiting method. Perfect states have
since been described (e.g., Currah, 1987) but this is very uncommon. With this being the
(frustrating) case, some studies (e.g., Tu, Kimbrough and Aldrich, 1977; Marchisio et al.,
1985) emphasized the caryology, ultrastructure and cytochemical aspects associated with
"orchidaceous Rhizoctonias", in addition to traditional morphological characters (e.g., Tu
and Kimbrough, 1978; Andersen, 1990). Meanwhile, still other studies (e.g., Burpee,
Sanders and Cole, 1980), some of them rather recent (e.g., Ramsay, Sivasithamparam and
Dixon, 1987), have examined anastomosis groupings within the complex.

In 1987, an article appeared in Mycotaxon authored by Royall Moore ( 1987) that
revolutionized the taxonomic treatment of the Rhizoctonia complex. He argued that
because the genus represented a conglomeration of unrelated fungi, a more natural
taxonomic system was needed that emphasized septal ultrastructure, nuclear condition of
hyphal cells and their association with a known teleomorphic state (Moore, 1987). From
this system, three major anamorphic genera emerged that frequently form mycorrhiza with
orchids. These consisted of the binucleate genera Ceratorhiza and Epulorhiza, which
produce teleomorphic states assignable to Ceratobasidium and Tulasnella/Sebacina,
respectively, and the multinucleate genus Moniliopsis, whose teleomorphs are placed in

Thanatephorous (Moore, 1987). Since Moore's (1987) paper, identification of
anamorphic orchid endophytes has been attempted particularly in Canada by Randy Currah
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(Currah, Sigler and Hambleton, 1987; Currah, Hambleton and Smreciu, 1988; Richardson,
Currah and Hambleton, 1993). Using cultural, morphological (especially with respect to
monilioid cells), and occasionally cytological characters, several species within Moore's
(1987) classification have since been described (Currah, Smreciu and Hambleton, 1990;
Currah and Zehner, 1992; Richardson, Currah and Hambleton, 1993), all of which appear
to represent "true" and legitimate species based on conservative characters. Still, a great
deal needs to be learned regarding the identification of "orchidaceous Rhizoctonias"
throughout the world. No published reports currently exist on the identity of symbiotic
fungi of orchids native to the United States. The identification of orchid endophytes to the
genus level alone could reveal valuable information regarding the distribution, ecology and
other aspects of the Orchidaceae.

CHAPTER II
THE STATIJS OF PLATANTHERA INTEGRILABIA, AN
ENDANGERED TERRESTRIAL.ORCHID

Introduction
The Monkey Face Orchid, Platanthera integrilabia (Correll) Luer, is one of North
America's rarest terrestrial orchids. It is native to the southern Appalachians and grows in
shaded and level bogs, swamps or seepage slopes usually con~ning Sphagnum.
Platanthera integrilabia was first described in 1941 by Correll (1941) who considered it a

variety of the White Fringed Orchid, P. blephariglottis (Willd) Lindley. Unlike P.
integrilabia, P. blephariglottis frequents open sunny bogs on the Gulf and Atlantic coasts

and has a fringed rancher than entire lip. Based on these differences, Luer (1975) elevated
P. integrilabia to species status.

The original population of P. integrilabia was in McCreary County, Kentucky, where
hundreds of specimens were collected and shipped to various herbaria as isotypes. By the
late 1940s, the species vanished from that county and has not been reported there since
(Ettman and McAdoo, 1979).
This species was once widely distributed in Alabama, Georgia, Kentucky, Mississippi,
North Carolina, South Carolina, Tennessee, and Virginia (Figure 2.1). Although once
considered locally common on the Cumberland Plateau in Tennessee and Kentucky
(Correll, 1941), it has become increasingly rare. To date, only 17 naturally occurring
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Figure 2.1. Range and status of Platanthera integrilabia. Solid dots(•) represent
established populations visited by L WZ. Populations labeled by (*) indicate extant
populations since 1980 or later, according to Medley (1980; pers. comm.) or Somers
(pers. comm.). A recently sighted population in Cobb County, Georgia (S. Ranger, pers.
comm.) is represented by(!). The symbol(?) deontes an unconfirmed sighting in Roane
County, Tennessee. All remaining areas depicted by (o) are either recently extinct
populations visited by LWZ or county records older than 25 years.
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populations remain in Georgia, Kentucky, South Carolina and Tennessee (Table 2.1)
consisting of 6 to ca. 4,000 individuals.
This paper describes single populations of P. integri/abia in Rabun County, Georgia,
and Greenville County, South Carolina. In addition, the status and conservation of this
species are also presented.

Materials and Methods
Populations of P. integrilabia at various locations in Alabama, Georgia, North
Carolina, South Carolina, and Tennessee were surveyed in 1988 and 1989. In 1988,
observations in Rabun County, Georgia, and Greenville County, South Carolina, were
made July 11-28, August 9-25, and on September 8, October 14, and November 12. In
1989, observations were made April 29, June 22, August 6, and September 19.
Platanthera integrilabia and vascular plant associates were collected, identified, and

deposited for future reference in the Clemson University Herbarium (CLEMS). One plant
of P. integrilabia with nine unopened flowers was collected on August 17, 1988, and
placed in the greenhouse at Clemson University for further study. To simulate natural
conditions, the plant was misted daily and not subjected to artificial illumination.
Greenhouse temperatures fluctuated from 13 to 30 C.
Four or five days after collection, the inflorescence of the greenhouse-grown plant was
covered by an inverted glass jar with a 1 cm-diam. opening. A 1 cm-diam. glass tube filled
with charcoal absorbent was inserted in the opening. Plastic tubing was used to connect
the glass tube to an electric vacuum pump with a 350 ml/min. air flow rate, and air from
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the jar was drawn through the charcoal for 12 hrs. The tube was then removed and sent
to the Florida Museum of Natural History for analysis of floral fragrances.
Six to 14 days after transplanting, each flower was selfed by removing the pollinia and
transferring them to the stigmatic surfaces of the same flower. Between pollinations, the
entire inflorescence was covered with a nylon bag to exclude natural pollinators. The bag
was removed September 14 after all flowers had dehisced.
An attempt was made to monitor natural pollination at the Rabun County site. this was
undertaken from 11:00 a.m. to 11:00 p.m. on August 17-18, 1988.
Attempts were made to isolate microbial pathogens from leaf and roots of certain
diseased plants from the Rabun County site. The plant tissue was surface-sterilized and
plated on potato dextrose agar (Malloch, 1981). Soil samples collected from the
Greenville and Rabun County sites were analyzed by the Clemson University Soil Testing
Laboratory, Clemson, South Carolina.

Results
Description of the Sites
The P. integrilabia population at the Rabun County site grew at 300 m on a partially
shaded, south-facing seep on acidic (pH 5.1) gravely organic sand. The specimens grew in
close association with at least 46 other plant species of which the predominant ones were

Acer rubrum L., A/nus serrulata (Aiton) Willd., Decumaria barbara L., Drosera
rotundifolia L., Eupatoriumfistulosum J. Barrat, Houstonia serpyllifolia Michaux., I/ex
opaca Aiton, /tea virginica L., Linum striatum Walter, Lyonia ligustrina (L.) DC.,
Mitchel/a repens L., Nyssa sylvatica Marshall, Osmunda regalis var. spectabilis (Willd.)
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Gray, Oxypolis rigidior (L.) Raf., Parnassia asarifolia Vent., Rhus vernix L.,

Rhynchospora gracilenta Gray, Rubus argutus Link, Smilax laurifolia L., Sorbus
arbutifolia (L.) Heynhold, Sphagnum sp., Thalictrum clavarum DC., Viburnum
cassinoides L., Vitis rotundifolia Michaux, Xanthorhiza simplicissima Marshall, and Xyris
tona Smith. Of the Orchidaceae, P. integrilabia predominated, although Platanthera
clavellata (Michaux) Luer, Spiranthes cernua var. cernua (L.) Rich., and Calopogon
tuberosus (L.) Britton, Sems & Pogg. were also present. Populations of Cuscuta
compacta Juss. (dodder), Lonicera japonica Thunb. (Japanese honeysuckle), and
Pueraria /obata (Willd.) Ohwi (kudzu) were located about 30 m from P. integrilabia
plants. Dodder is a native species parasitic on other plants. Japanese honeysuckle and
kudzu are introduced, rapidly growing opponunistic vines. Once established, both
species, particularly kudzu, can outcompete native species. Among the animal associates
noted were a species of black fly (Simulium loerchae Adler), larvae of which were present

in water runoffs where P. integrilabia plants were found.
The plants at the Greenville County site grew on two disjunct, partially shaded, southfacing seepage slopes ranging in elevation from 450-7 40 m on the same mountain. The
soil was similar to that of the Rabun County site, except that there was a pH gradient from
5.0 at 740 m to 6.0 at 450 m. Platanthera integrilabia grew in close association with at
least 50 other plant species at the Greenville County site. Most of these species were the
same as those found at the Rabun County site except for the absence of Decumaria

barbara, Drosera rotundifolia, Nyssa sylvatica, Parnassia asarijlora, Rhus vernix,
Rhynchospora gracilenta, Rubus argutus, Sorbus arbutifolia, and Viburnum cassinoides.
Predominant species found exclusively at the Greenville County site included Dioscorea
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villosa L., Fothergilla major (Sims) Lodd., Oenothera tetragona Roth, Osmunda
cinnamomea L., Parnassia grandifolia DC., Saracenia purpurea L., Scleria oligantha
Michaux, S. triglomerata Michaux, Sisyrinchium angustifolium Miller, Viburnum

prunifolium L., and Viola palmata var. soraria (Willd.) Pollard. Among the Orchidaceae
associated with P. integrilabia were P. clavel/ata and Calopogon tuberosus. Platanthera

ciliaris (L.) Lindley was common on dryer soils on the mountain, but not directly
associated with P. integrilabia.

Counts and Measurements
Seven of 10 previously extant natural populations visited by one of us (LWZ) currently
remain (Figure 2.1). The three extinct populations are in Clay County, Alabama, Stephens
County, Georgia, and Van Buren County, Tennessee. Populations ranged from 11 to ca.
4,000 plants in Marion and McMinn Counties, respectively (Table 2.1).
A total of 738 specimens of P. integrilabia were found at the Rabun County site. The
plants were widely scattered in the area and varied in size. Approximately half of the
plants were solitary, whereas the others were in clusters of mostly clones consisting of 1020 plants each. All of the nonflowering plants had a single basal leaf, whereas the
flowering plants had an additional four to five smaller leaves attached to the flowering
stem (Figure 2.2). The basal leaves ranged from 0.8-41.8 cm long and 0.5-5.9 cm wide
with respective means of 19.2 and 1.7 cm. Only 14.8 % of the 738 plants had basal leaf
lengths less than 10.9 cm. For flowering individuals, basal leaf lengths exceeded 15.5 cm.
Seventy-one specimens of P. integrilabia were found at the Greenville County site. As
with the Rabun County population, about half of the individuals were solitary with the
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Figure 2.2 Platanthera integrilabia (Correll) Luer: 1. Mature flowering plant with basal
leaf (bl). Scale bar = 4 cm. 2. Front view of flower noting pollinia membrane (pm). 3-4.
Side view of flower. Stigma (St) is noted in longitudinal section. Scale = 1 cm. 5. Closeup of a pollinium. Scale = 1 mm. noted which intensified as dusk approached.

32
Table 2.1. Sizes and locations of extant populations of Platanthera integrilabia based on
reports by M. Medley (1980; pers. comm.), S. Ranger and P. Somers (pers. comm.), and
observations by LWZ. Asterisk(*) denotes artificial bog on private property.

~

County

GA
GA
GA
KY
NC*
SC

Carroll
7-12-89
Cobb
8-1989
Rabun
10-12-89
Pulaski
1987
Henderson 10-10-88
Greenville 10-14-89
Bledsoe
8-18-89
Franklin
8-1987
Grundy
ca. 1980
Grundy
ca. 1980
Grundy
ca. 1980
Grundy
8-18-89
Hamilton
8-1984
Marion
7-11-89
Marion
ca. 1980
McMinn
10-16-89
Sequatchie ca. 1980
Van Buren 8-21-89

TN
TN
TN

TN
TN
TN
TN
TN

TN
TN
TN
TN

Date visited

Visitor

Total#

#Flowerin&

L. Zettler
S. Ranger
L. Zettler
M. Medley
L. Zettler
L. Zettler
L. Zettler
S. Gunn
M. Medley
M. Medley
M. Medley
L. Zettler
B. Wilkey
L. Zettler
M. Medley
L. Zettler
M. Medley
P. Somers

ca.500
39
738 (1988)
ca.450
32
71 (1988)
ca.50
ca. 6
6
ca.50
ca.250
ca.200
6
11
ca.50
ca. 4,000
ca.500
ca.400

ca.20
Logging
3
Development
39 (1989)
Kudzu
ca. 100
NA
28
NA
11 (1989) Collectors
Logging
0
3
Size
0
Size
9
Logging
0
Collectors
1
Cattle
0
Development
0
Collectors
1
Development
ca. 175
Poaching
4
Collectors
ca.200
Poaching

Threats
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remainder in clusters of 10-20 plants, mostly clones. All nonflowering plants had a single
basal leaf. Aowering individuals had four to five additional leaves arising from the
flowering stem. The leaves ranged from 10.0-34.5 cm long and 0.7-3.5 cm wide with
respective means of 22.7 and 1.6 cm. Just one plant had a leaf length below 10.9 cm.
Basal leaf lengths for flowering individuals exceeded 20.5 cm.

Floral Biolo~y and Ecolo~ of Platanthera inte~rilabia
The first signs of resupination at the Rabun County site were noted on July 25, 1988,
and the first flowers opened on August 7. Upon opening, a sweet smelling fragrance was
Over 50 % of this fragrance has been identified as linalool. Peak flowering for the
population occurred in mid-August and ended on September 8. Only 34 plants actually
flowered, which represented just 4.6 % of the population. Seven additional inflorescences
were lost to overnight herbivory. Of the 233 flowers produced from the 34 surviving
inflorescences, 188 opened and 45 flowers senesced prematurely. By the end of flowering
only seven pollinia had been removed from the 143 remaining blossoms. No pollinators
were recorded during August 17-18, or thereafter. Rowers ready for pollination had fully
formed pollinia. The pollinia membranes were firm and intact following flower opening;
however, in some cases these membranes deteriorated 6-9 days later allowing the pollinia
to touch the stigmatic surfaces of the same flower. Only 6.9 % of the 143 surviving
blossoms set fruit. Fruit dehiscence occurred in October.
At the Greenville County population, only two plants flowered in 1988 (2.8 % of the
population). Each inflorescence contained eight flowers of which four had set fruit. Two
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other inflorescences were lost to herbivory. In 1989, 11 P. integrilabia individuals
flowered, producing 69 flowers, only 14 of which set seed.
All nine self-pollinated flowers from the greenhouse-grown plant set fruit and produced
seed which were indistinguishable from those in natural populations. Thus, it would
appear P. integrilabia is self-fertile. Whereas all nine of the hand-pollinated flowers set
seed, only 6.9 % of 143 (1988) and 20.3 % of 69 (1989) of the flowers set seed naturally
at the Rabun and Greenville County sites, respectively. Approximately seven weeks
elapsed between pollination and fruit dehiscence.

Herbivozy and Diseases
Herbivory and diseases of P. integrilabia occurred in both the Rabun and Greenville
County populations. At the Rabun County site, 16.5 % and 11.5 % of 738 specimens
suffered from herbivory and disease, respectively. At the Greenville County site the
damage was greater with 22.5 % and 23.9 % of 71 suffering from herbivory and disease,
respectively. Species of Alternaria, Pestalotia, Nigrospora, and Cercospora were among
the fungi isolated from necrotic tissue. These genera contain established plant pathogens
(Barnett and Hunter, 1972). No specific herbivores were observed.

Discussion
Seven natural populations of P. integrilabia were encountered in this investigation.
Ten additional populations not visited by one of us (LWZ) were extant in 1980 or later
(Medley, 1980, pers. comm.; S. Ranger and P. Somers, pers. comm.). It is likely that
these 10 areas still contain P. integrilabia. Although the 738 and 71 specimens found in
Rabun and Greenville Counties, respectively, surpassed earlier counts by Medley (1980),
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this species appears threatened with extinction and therefore warrants federal protection
due to dwindling populations (Figure 2.1). This species is already listed as endangered in
Kentucky, South Carolina, and Tennessee, but not in Alabama or Georgia (Gade, 1987).
This species is threatened by a number of factors, namely poachers (P. Somers, per.
comm.), collectors (Ettman and McAdoo, 1979; Medley, 1980), logging and cattlegrazing (Kral, 1979), and introduced opponunistic plant species such as dodder, Japanese
honeysuckle, and kudzu. Poaching (the act of illegally collecting large numbers in
protected areas for profit) poses the greatest danger to the largest remaining populations.
In at least one instance, P. integrilabia was incorrectly offered as P. blephariglottis by a
commercial nursery (Whitlow, 1986).
It appears that P. integrilabia is not an aggressive colonizer of its habitat and thus is
not readily able to reestablish itself following catastrophic losses. Many orchids owe their
survival to the ability to produce copious amounts of seed in nature. In this study,
however, only 3.7 % of 809 P. integrilabia individuals flowered at both populations.
Moreover, 17.1 % (of 41) and 50.0 % (of four) lost inflorescences due to herbivory at the
Rabun and Greenville County sites, respectively. It is likely that the small-leafed and
solitary plants at each location represent recent seedling derivatives, but had more plants
produced seed, population numbers of P. integrilabia at both locations would probably be
much higher. Low fruit-set and its attendant low seed production may explain its limited
geographic distribution, since little seed is available for long-range dispersal to other
suitable habitats.
The predominant floral fragrance of P. integrilabia appears to be linalool (W. M.

Whitten, pers. comm.). Linalool is a compound produced by many orchids, especially
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those species which emit strong evening odors (Hills, Williams and Dodson, 1968). The
strong fragrance, white color, and long nectiferous spur of P. integrilabia flowers
suggests sphingid moth pollination (Dressler, 1981). In Tennessee, Somers (pers. comm.)
reported sphinx-moth activity within an area containing large numbers of P. integrilabia
inflorescences. In this study, however, no association between pollination of P.

integrilabia by moths or any other animal was found. Some of the natural pollinations at
the Rabun County site may be attributed to pollinia membrane deterioration.
The survival of P. integrilabia could be assured by developing artificial methods for its
rapid propagation either through tissue culture or seed. Tissue culture may have
limitations due to economic constraints. This and many native plants are not available
through tissue culture due to their relatively low commercial value. Seed propagation is a
much less expensive alternative and is used to propagate many orchids (Arditti, Michaud
and Oliva, 1981) . The growth of European terrestrial species from seed to maturity using
aseptic methods has proven successful (Lucke, 1981, 1982a, b, 1984) and may benefit P.

integrilabia. However, some orchids have resisted aseptic seed culture, including rare
species (Clements, Muir and Cribb, 1986). In this regard, recent emphasis has been placed
on symbiotic germination methods using an orchid species' natural fungal partner or
mycorrhiza (Warcup, 1971; Tsutsui and Tomita, 1986; Smreciu and Currah, 1989). In
Great Britain, for example, mycorrhiza have been used successfully in the symbiotic
germination of 23 European terrestrial orchid species (Clements, Muir and Cribb, 1986).
Although the symbiotic germination of P. integrilabia may be the desired method for seed
propagation, very little is known of the mycorrhiza of terrestrial orchids native to the
United States. Recently, however, the symbiotic germination of P. integrilabia seed was

37

achieved in the laboratory (Zettler, Fairey and Mcinnis, 1990). Efforts are underway at
Clemson to propagate this and other disappearing terrestrial orchids from seed to maturity
using mycorrhizal fungi.

CHAPTER III
POLLINATION EFFICACY OF AN ENDANGERED
NOR1H AMERICAN ORCHID (PLATANTHERA
INIEGRILABJA) IN RELATION TO ITS
SURVIVAL IN THE NATURAL
HABITAT

Introduction
Platanthera integrilabia (Correll) Luer is a terrestrial orchid native to shaded bogs and
seepage slopes of the southern Appalachians of North America. Considered locally
common in Kentucky and Tennessee on the Cumberland Plateau during the 1940's
(Correll, 1950), the species has since declined in distribution and is currently a C2
candidate for federal (U.S.) protection as an endangered species (Shea, 1992). Only one
population, in McMinn Co., TN currently remains comparable in size (ca. thousands of
plants) to those first encountered by botanists over 100 years ago (2'.ettler and Fairey,
1990; Shea, 1992). This orchid's biology has only recently been investigated (2'.ettler and
Fairey, 1990; 2'.ettler and Mcinnis, 1992); however, natural pollination of P. integrilabia
remains largely a mystery.
Platanthera pollination is usually accomplished by Lepidoptera, especially moths
(Catling and Catling, 1989), but other pollinators include bees (Smith and Snow, 1976;
Cole and Firmage, 1984), beetles (Inoue, 1983), and mosquitoes (Stoutamire, 1968;
Thien, 1969). Floral characteristics of P. integrilabia, which include a long nectiferous
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spur (30-50 mm), white color, and strong evening fragrance, suggest pollination my
moths, especially sphingids (Faegri and van der Pijl, 1979; Dressler, 1981; Grant, 1983).
Inoue (1983) reported that the Japanese Platanthera spp. with nectar spurs exceeding 20
mm in length were pollinated by sphingid moths. Insects suspected of pollinating P.

integrilabia are sphingid moths (Zettler and Fairey, 1990) and bees (Shea, 1992).
Pollination information exists for only about 36 % of the North American Orchidaceae
(Catling and Calling, 1991). Because orchid conservation often depends on an
understanding of pollination and breeding systems (Calling and Catling, 1991),
endangered species such as P. integrilabia, for which there is no known, verified
pollinator, are particularly vulnerable to extinction when such mechanisms remain
unstudied. This is a report on the natural pollination of P. integrilabia in relation to its
survival in the natural habitat. The probable fate of this orchid is also discussed base on
the extirpation or continued existence of the largest remaining population. The goal of
this investigation is to reveal some of the natural pollinators of P. integrilabia, and to
stress the importance of maintaining this population as a source of seed for future
conservation efforts.

Materials and Methods
Pollinator observations were conducted at the following locations and times (all
EDST): Henderson Co., NC (artificial bog), 15 August 1988, 1200-1400 hrs; McMinn
Co., TN, 1600-2200 hrs, 15 August 1990 and 1991; Rabun Co., GA, 1200-1400 hrs, 24
August 1992. An extensive attempt at documenting pollinators from 12-15 August 1992
in McMinn Co., TN was undertaken in a manner that would be least damaging to the
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population. The site was located in the Cherokee National forest at an elevation of 503 m
on a level bog shaded by Acer rubrum L. and Nyssa sylvatica Marshall. Other dominant
vegetation included A/nus serrulata (Aiton) Pursh, Carex baileyi Britton, C. intumescens
Rudge, C. joorii Bailey, Gentiana saponaria L., Juncus effusus L., Liquidambar

styracijlua L., Liriodendron tulipifera L., Lobelia cardinalis L., Lycopus virginicus L.,
Solidago erecta Pursh., S. rugosa Miller., Sphagnum sp., Woodwardia areolata (L.)
Moore, Osmunda cinnamomea L., 0. regalis var. spectabilis (Willd.) Gray, Oxypolis

rigidior (L.) Raf., and Xanthorhiza simplicissima Marshall. Orchid present included
Platanthera clavellata (Michaux) Luer and P. cristata (Michaux) Lindi. A portion of the
bog measuring 97.6 m x 61.0 m was chosen for its high density of P. integrilabia
inflorescences. Around this area, a circular path was constructed that allowed the
monitoring of 577 inflorescences, 198 of which within 2.5 m of the path were tagged for
nectar sampling.
Two time periods were selected for insect observations and nectar sampling during one
diurnal (13 hr) and one 24 hr period (continuous). Observations and sampling were
recorded hourly. The diurnal period occurred between 0700 and 2200 hrs on 12 August
1992, with hrs 1700-1900 deleted due to a thunderstorm. The 24 hr period began on 14
August 1992 at 0800 hrs and ended 15 August 1992 at 0800 hrs without interruption.
With the exception of three deleted hrs on 12 August, all data were obtained in fair
weather. Nectar samples were recorded from three randomly selected flowers on three
inflorescences during the first 20 min of each hour and each inflorescence was sampled
only once. Due to the rarity of the species, all flowers remained unbagged during nectar

sampling since bagging would likely limit access to by pollinators and hinder fruit set
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Using a mircocapillary pipette, nectar was withdrawn from flower spurs and volume
recorded to the nearest 0.1 µl. Sugar concentration was analyzed using a Bellingham and
Stanley pocket refractometer (0-50 % range), as outlined in Adler (1987). Viscidia
distances were measured from 10 flowers selected at random in McMinn Co. Insects were
recorded and behaviors observed during the last 40 min of each hour by continuously
walking on the circular path in a clockwise direction. Nocturnal observations were made
using a small flashlight fitted with a red filter. Dark clothing was worn during moonlit
hours to minimize disturbance to insects. Pollinators were recorded as those insects
carrying at least one pollinium after flower visits, while visitors were those which lacked
pollinia. Insects were collected at the conclusion of the study and identified by the senior
author, Peter H. Adler and Charles Watson (Dept. of Entomology, Clemson Univ.).
Compound eye width (from base of lower anterior compound eyes) was measured on
insects collected in McMinn Co. and on those within the Clemson University Arthropod
Collection. Relative humidity and temperature readings were recorded using two
hygrothermographs placed adjacent to the path at a height of 1.5 m. Fruit set was
recorded on tagged inflorescences upon a return visit to the site on 7 October 1992.
Capsules were collected at random prior to dehiscence and dried with CaSO4 (Drierite)
desiccant for two weeks. Seeds were removed from capsules and individually counted on
wax paper under a dissection microscope. Computer statistical analysis was carried out
using SAS software (SAS Institute, Cary, NC).
To compare nectar values obtained from the McMinn Co. site, nectar was sampled at a
smaller population in Rabun Co., GA. This took place for three hours (1200-1400 during
the first 20 min of each hour on 24 August 1992.
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Results
Preliminazy Observations
Two day-flying Lepidoptera, Epargyreus clarus Cramer (Hesperiidae) and Papilio

glacus L. (Papilionidae) pollinated P. integrilabia in Henderson Co., NC (1988), and
McMinn, Co., TN (1990), respectively. The latter species also visited inflorescences at
the Rabun Co., GA population (1992), but did not carry pollinia. Two other insects,

Vespula maculifrons Buysson (Hymenoptera: Vespidae) and Allograpta (?) sp. (Diptera:
Syrphidae) were observed on inflorescences in McMinn Co. (1990) and Rabun Co.
(1992), respectively, but did not carry pollinia.

Pollination
Three day-flying Lepidoptera (E. clarus, Papilio troilus L., P. glacus) in two families

(Hesperiidae, Papilionidae) were observed with pollinia from P. integrilabia flowers
(Table 3.1; Figure 3.1). All pollinations occurred between 1100 and 1600 hrs
during highest temperatures (20-27 C) and lowest humidities (51-90 %). Of the 11
pollinators recorded, eight were swallowtails (Papilio). All Papilio pollinators were
observed carrying pollinia on only one of the two compound eyes. At least two of the E.

clarus pollinators carried up to four pollinia on their compound eyes (Figure 3.1). Several
flower visits were often required for successful pollinia eye attachment. For example, one

E. clarus individual received only one pollinium after visiting 13 flowers on seven different
inflorescences. In addition, a P. troilus specimen was observed visiting all flowers twice
on two inflorescences before receiving a single pollinium. Of the 108 flowers sampled
during peak flowering, 211 of 216 (97.7 %) pollinia remained available to insects. Mean
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Table 3.1. Pollination and visitation for 13 hr (diurnal) and 24 hr periods combined,
McMinn Co., TN. Dashed line(---) refers to insects lacking pollinia.

Insect Order
Family

Species

#Pollinators

Coleoptera
Mordellidae
Mordella sp.

#

Visitors

Time of Observation

1

1300

5

0800,0900, 1500

Hymenoptera
Apidae
Apis mellifera L.
Bombus impatiens Cress.

2
7

1100, 1300
0700-0900, 1200, 1300, 1500

Vespidae
Vespula maculifrons Buys.

4

0800,0900, 1200

3

1

1100, 1200, 1500, 1700

4
4

3
3

1100-1300, 1500, 1600
1100-1300, 1500, 1600

1

0200

Diptera
Syrphidae
Allograpta sp. (?)
Milesia virginiensis Dr.

Lepidoptera
Hesperiidae
Epargyreus clarus Cra.
Papilionidae
Papilio glaucus L.
P. troilus L.
Sphingidae
Manduca sp. (?)
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Figure 3.1. Silver-spotted Skipper, E. clarus with attached pollinium (arrow) on
inflorescence of P. integrilabia (top) (scale= 6 cm). Close-up of E. clarus carrying three
of four pollinia (dark arrows) on left compound eye (bottom). Note the fourth pollinium
enclosed by the proboscis of the insect (light arrow) (scale= 0.5 cm).
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compound eye width for E. clarus and the Papilio species was 0.45 cm and 0.42-0.44 cm,
respectively (Figure 3.2). Mean viscidium distance per flower was 0.47 cm (Figure 3.2).

In comparison. 10 species (eight genera) of common sphingid moths examined at the
Clemson University Arthropod Collection had eye widths between 0.40 and 0.70 cm
(Table 3.2).
Foraging behavior of pollinators varied. All E. c/arus individuals appeared to have
difficulty in locating nectar-spur openings with proboscises. In comparison. Papilio
species seemed to locate nectar-spur openings with little difficulty in a slow. controlled
manner. All three pollinators initially landed on lower (mature) flowers and usually ended
foraging on upper (younger) flowers. Insects carrying three to four pollinia were seen to
end foraging within the bog.
Pollinators were also observed foraging on the inflorescences of other associated plants
within the bog. For example. Eupatoriumfistulosum Barratt and P. cristata were visited
by both swallowtails. with P. troilus also visiting L. cardinalis. Inflorescences of E.

fistulosum were frequently visited by E. clarus. None of the swallowtails were observed
removing pollinia from P. cristata.

Visitation <McMinn Co,, TN 1992)
Insects in four orders visited P. integrilal>ia inflorescences without receiving pollinia
(Table 3.1). With one exception, all visitors were active between 0700 and 1700 hrs
(Table 3.1). A single sphingid moth was recorded after dark (0200 hrs) and did not
appear to carry pollinia despite visiting two inflorescences. The temperature recorded at
0200 hrs was 18 C and decreased steadily until 0700 hrs (15 C). Of 21 visitors recorded,
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A
B
C

D
Figure 3.2. Mean viscidium distance vs. mean compound eye width for pollinators of P.
integrilabia. Illustration depicts a P. troilus compound eye making contact with a single
viscidium (v) as it enters flower. A = viscidia distance (0.47 cm). B = compound eye
width of both Papilio spp. (0.42-0.44 cm). C = compound eye width of E. clarus (0.45
cm). D = compound eye width (0.55 cm) of a hypothetical pollinator that would enable it
to come into contact with both viscidia as it entered flower. Scale= 0.25 cm.
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Table 3.2. List of sphingid taxa with the best potential to pollinate P. integrilabia based
on eye width distance (0.40-0.70 cm), geographic abundance, August flight time, and
available larval food sources in or adjacent to the McMinn Co., TN site.

Sphin~id

Eye width ran~e <crol

Ceratomia catalpae (Bdv.)
C. undulosa (Wlk.)
Darapsa myron (Cram.)
D. pholus (Cram.)
Dolba hyloeus (Dru.)
Hyles /ineata (F.)
Paonias excaecatus (J. E. Sm.)
Paratraea plebeja (F.)
Specodina abbottii (Swainson)
Xylophanes tersa (L.)

0.55-0.65
0.55-0.65
0.45-0.55
0.55-0.70
0.40-0.55
0.60-0.70
0.55-0.70
0.55-0.65
0.50-0.60
0.55-0.65

Notes <Covell, 1984)
Locally common to abundant
Extremely common
Extremely common

Abundant in South

48
over half (13 or 61.9 %) were Hymenoptera, with most being active during morning hours
(0800-1100). Only the vespids (V. maculifrons) appeared to actively seek nectar by
chewing sepals, petals and spurs often resulting in flower damage. Bombus visitors briefly
landed on inflorescences between pollen gathering episodes from the staminate flowers of
nearby sedges (Cara sp.).

Nectar, framnce and Fruit Set
Of the 108 flowers sampled, a mean of 4.4 ul nectar containing 18.9 % sugar was
recorded. Fluctuations in nectar volume and sugar concentration over the 24 hr period
were not significantly different (p = 0.05, ANOV A). Flowers sampled at the Rabun Co.,
GA site had a mean volume of 5.6 µland a sugar concentration of 13.2 %. Floral
fragrance was perceptible by the authors present at the McMinn Co. bog throughout the
study and extended ca. 100 m into the surrounding forest. The fragrance seemed to
increase in intensity beginning at 1900 hrs and to taper off after 2300 hrs. Highest
intensity was noted at dusk (2000-2200 hrs).
Over half of all flowers on inflorescences (624 of 1,096 or 56.9 %) at the McMinn Co.
site set fruit less than two months after flowering (October 7), with a mean of 4.7 capsules
per inflorescence. Of the 10 capsules examined, a mean of 3,433 (range of 2,153 to
5,647) seeds with embryos were counted per capsule. Thus, at least 16,134 seeds were
produced per inflorescence and about 9,309,318 seeds for the 577 inflorescences in the
study area.
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Discussion
Despite floral characteristics that would suggest pollination by sphingid moths (Faegri
and van der Pijl, 1979; Dressler, 1981; Grant, 1983; Inoue, 1983), P. integrilabia appears
to be pollinated by diurnal Lepidoptera, especially swallowtails. Butterfly visits to
inflorescences were relatively common, yet pollinia removal was often infrequent during
peak flowering, despite numerous flower visits and an abundance (97 .7 % ) of intact·
pollinia. In addition, pollinia were usually deposited on a single compound eye (Figure
3.1). Measurements of compound eye and viscidia distances suggest that the three
pollinators may be ill-suited for effective pollinia removal because viscidium distance
exceeds compound eye width (Figure 3.2). Flower visits by insects with wider compound
eyes, such as sphingid moths, would presumably increase the likelihood of pollinia
adherence per visit. Based on entomological records, at least 10 sphingid taxa appear to
be well suited for pollination of P. integrilabia based on range of eye width, geographic
abundance, August flight time, and available larval food sources in or adjacent to the
McMinn Co. site (Selman, 1975; Covell, 1984) (Table 3.2). Because nocturnal pollinators
were not observed in 1988 (Zettler and Fairey, 1990) or three other successive years
(1990-1992), we assume that P. integrilabia relies mostly on diurnal pollinations while
benefiting considerably from occasional sphingid pollinators, if and when they occur.
Moth pollination could be more prevalent towards the end of the flowering season (late
August-early September) as Nilsson (1978) has observed for a European Platanthera
species (P. chlorantha). While pollination in general is an infrequent occurrence within
the Orchidaceae as a whole (Dressler, 1968), orchids with sphingophilous flowers may be
vulnerable to pollinator scarcity, since few other insect groups are capable of accessing
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nectar contained in spurs other than sphingids (Grant, 1983). Because sphingids also feed
on the nectar of bee and hummingbird flowers, pollinations may be scarce in years of
abundant flowering by unrelated flowering by unrelated taxa (Grant, 1983). This may
explain why orchids such as P. integrilabia and other monocots (e.g., Cooperia
drummondii, Crinum americanum, Hymenocallis latifolia) with sphingophilous flowers
appear to suffer from periods of infrequent visitation (Grant, 1983).
Two studies have described the pollination ecology of a closely related species, P.
blephariglottis (Willd.) Lindley, which differs from P. integrilabia in having a fringed
rather than entire labellum (Luer, 1975). Cole and Firmage (1984) reponed only diurnal
pollinators of P. blephariglottis in Maine, comprising the Lepidoptera (Hesperiidae,
Lycaenidae, Papilionidae, Pieridae, Sphingidae) and Hymenoptera (Apidae). Smith and
Snow (1976), also noted similar pollinators at a population in Michigan (Lepidoptera:
Danaidae, Papilionidae, Sphingidae; Hymenoptera: Apidae), but pollinations were
nocturnal as well as diurnal. While P. integrilabia uses some of the same Lepidoptera
species (Epargyreus clarus, Papilio glacus, P. troilus) as P. blephariglottis (Smith and
Snow, 1976; Cole and Firmage, 1984), the Hymenoptera documented in this investigation
were observed to be only visitors. Although more pollinators might be documented in
future studies, Catting and Catting (1991) noted that for the Nonh American orchids
studied so far, Lepidoptera pollination appears to be more prevalent in southern areas
while pollination by smaller insects including wasps, mosquitoes, and flies occurs farther
nonh, especially in Arctic and alpine regions. In addition, those species which rely on
large Lepidoptera for pollination tend to have more restricted Nonh American

distributions compared with orchids that utilize smaller Lepidoptera (Catling and Catting,
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1991). This could partially account for the widespread distribution of P. blephariglottis
and the limited range of P. integrilabia.
Fruit set at the McMinn Co. site was considerably higher (56.9 % ) than that recorded
for smaller populations in Georgia (738 plants/39 flowerin_g ) and South Carolina (71
plants/11 flowering) (6.9 and 20.3 %, respectively; Zettler and Fairey, 1990). In addition,
seeds obtained from the McMinn Co. site had a significantly higher percent germination
compared with seeds from smaller populations (Zettler and Mcinnis, 1992). Based on
these data as well as pollinator observations, the McMinn Co. site probably represents the
only population where cross pollination between unrelated individuals takes place on a
large scale. Accordingly, this population may represent an imponant resource for future
conservation efforts that utilize in vitro seed germination techniques. Assuming the
McMinn Co. site remains relatively undisturbed and under legal protection; P. integrilabia
could avoid extinction if artificial propagation methods (symbiotic seed germination) can
be rapidly implemented (Zettler and Mcinnis, 1992). Presently, however, at least three
factors threaten the existing population. These include inflorescence and tuber herbivory
by deer and feral hogs, respectively, poaching by unscrupulous collectors (Zettler and
Fairey, 1990), and logging practices. Should the McMinn Co. population become
extirpated, conservation effons will then depend on seed with lower germination
percentages, that are derived from considerably smaller populations. At best, this would
result in conservation effons involving anificial cross pollinations, followed by seed
propagation and seedling relocation into suitable areas, if they exist. Even under these
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conditions, the reestablishment of an ecologically stable, large population resembling the
McMinn Co. site seems highly unlikely.

CHAPTERIV
PROPAGATION OF PLATANTHERA INTEGRILABIA
(CORRELL) LUER, AN ENDAN_GERED
TERRESTRIAL ORCHID, THROUGH
SYMBIOTIC SEED GERMINATION

Introduction
Platanthera integrilabia (Correll) Luer is an endangered terrestrial orchid native to the
southern Appalachians of Nonh America. Considered locally common during the 1940's
(Correll, 1950), fewer than 20 extant populations are believed to exist today, ranging in
size from 6 to ca. 4,000 individuals (Zettler and Fairey, 1990). The majority of these
populations are threatened by human activities such as housing development, logging,
cattle grazing, and introduced opportunistic plats such as kudzu [Pueraria lobata (Willd.)
Ohwi; Fabaceae)]. In some protected areas, including the largest remaining population,
the species has been exploited by collectors for its horticultural appeal. In small remnant
populations, disease, herbivory, and low seed production due to limited pollination, also
threaten the species' survival (Zettler and Fairey, 1990). Since this orchid is threatened
with extinction despite attempts to protect it and its habitat, artificial propagation is
needed to ensure its survival (Zettler and Fairey, 1990). Both tissue culture and seed
propagation are options which could be used to rapidly increase plant numbers. Seed
propagation may provide the best alternative since it would conserve genetic variability.
Unlike epiphytic orchid seed propagation, in which seeds are sown on a nutrient medium
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under aseptic conditions, the preferred method for terrestrial orchid seed propagation
involves the use of a naturally-occuring symbiotic fungus. Although many species are
capable of developing in vitro on a nutrient medium alone, growth is often accelerated in
the presence of a compatible fungus (Hadley, 1983). In addition, rare species tend to
resist soil transfer when grown asymbiotically (Clements, Muir and Cribb, 1986).
This paper describes the symbiotic seed propagation of P. integrilabia from
germination through establishment on soil in a greenhouse using fungi isolated from the
roots of P. integrilabia and other north gemperate terrestrial orchids. The effects of two
different media and three seed storage temperatures on germination and development are
also described. The objective of this study was to determine which medium, temperature
and fungus combination could best be used to propagate P. integrilabia from seed.

Materials and Methods

Four seed collections (S3, S5, S6, S 10) from three P. integrilabia populations were
obtained during fall,just before first frost (Table 4.1). Capsules were removed from the
flowering stalks of 5-10 individuals per population and taken to the laboratory where they
dehisced upon desiccation. Cold-treated seeds were stored in darkness at 6 C or -7 C
within sealed, sterile glass vials over desiccant. Seeds stored at room temperature (22 C)
were deposited in cellophane packets within a container filled with desiccant, and placed in
darkness. Seed S3 and S5 did not receive chilling at -7 C due to their limited number. All
seeds were stored 8-20 months before sowing.
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Table 4.1. Seed collection data.

Collection

Number

Date

Collected

Location

S3

Oct. 1988

GA: Rabun Co. From isolated P. integrilabia population
containing 738 individuals. .

S5

Oct. 1989

NC: Henderson Co. From privately-owned, artificial bog
containing fewer than 35 individuals.

S6

Oct. 1989

GA: Rabun Co. Same location as above; population with
39 flowering specimens that year, seed removed from green
capsules.

SlO

Oct. 1989

TN: McMinn Co. From largest known P. integrilabia
population containing ca. 4,000 vegetative and ca. 175
flowering indiividuals in 1989.
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Fun~al Isolation and Culture
The roots of five orchid species were obtained from field populations (fable 4.2),
sealed in plastic bags, and incubated in darkness at 7 C for up to 48 hrs before fungal
plating. The remaining above-ground portion of each orchid species was deposited as a
voucher specimen in the Clemson University Herbarium (CLEMS). Fungi were isolated
from cortical cells of roots and purified according to methods described by Currah, Sigler
and Hambleton (1987). All strains were given an identification number preceeded by the
initials of the host orchid (e.g. , Pi-39 designates the 39th isolate, from P. integrilabia)
(fable 4.2). Stock cultures were maintained on potato dextrose agar (PDA) slants in
darkness at 10 C. Duplicate cultures were maintained in Petri plates in darkness at 22 C
on PDA. Duplicate and stock cultures were subcultured at 3 and 6 months, respectively.

Sowin~ and Incubation
The seed sowing technique was adopted from Dixon (1987) which consisted of the
placement of 50-250 seeds on 1 cm x 4 cm filter paper strips on a nutrient agar surface.
Two types of media were used: modified oats medium (MOM) (Clements, Muir and
Cribb, 1986) which contained salts, and oat meal agar (OMA) (Dixon, 1987). Two
experiments were carried out: (1) S6 and S10 seed were placed on OMA and inoculated
with all fungal isolates with the exception of Pi-70 and Pi-93; (2) strains Pi-70 and Pi-93
were used in the inoculation of all four seed (S3, S5, S6, S 10) on both OMA and MOM.
the purpose of the former experiment was to determine if seed propagation was influenced
by population size. In the latter experiment, the role of two different media on seed

propagation was investigated using two promising fungal isolates from a preliminary
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Table 4.2. Fungal endophyte collection data. The first 2-4 letters in the isolate number
refer to the host orchid species (e.g., Pi= P. integrilabia).

Funius Isolate Host Orchid
Pi-39
Pi-70
Pi-89
Pi-93
Pi-155
Pcla-109
Pcla-115
Pcla-122
Pcla-134
Pest 96
Pcst-101
Pcst-163
Pcil-127
Pcil-154
Sc-6
Sc-166

Location

Platanthera integrilabia
II

II
II
II

P . clavellata (Michx.) Luer
II
II
II

P. cristata (Michaux) Lind.
II

P. ciliaris (L.) Lind.
II

Spiranthes cernua var.
cernua (L.) Rich.
II

SC: Greenville Co.

D.ate

TN: McMinn Co.
SC: Oconee Co.
TN Van Buren Co.

4-29-89
4-29-89
5-20-89
5-20-89
8-19-89
7-12-89
7-12-89
8-19-89
8-06-89
7-23-89
7-23-89
8-19-89
8-18-89
8-18-89

GA: Rabun Co.
SC: Greenville Co.

1-22-89
10-14-89

II

TN: Grundy Co.
II

TN: McMinn Co.
GA: Carroll Co.
II

TN: McMinn Co.
GA: Rabun Co.
NC: Cartaret Co.
II

58
study. Following fungal inoculation, all plates were incubated in darkness at 22 C up to
11 months. Control plates were not inoculated but otherwise received the same treatment.
Stages of germination and development were scored on a scale of one to six: 0 = no
germination, 1= seed coat broken, 2 = rhizoids present, 3 = leaf primordium present, 4 =
appearance of first true leaf, 5 = elongation of first leaf and root differentiation, 6 =
established on soil in a greenhouse. Protocorms reaching sizes between 0.25-0.50 cm
were transferred to a lighted incubator under a 16 hr photoperiod with a temperature
range of 20 C (light) and 10 C (dark).

Post-Gennination Treatment
Soil used for the establishment of seedlings was obtained from the P. integrilabia site
in Rabun County, GA and analyzed by the Clemson University Soil Testing Laboratory,
Clemson, SC. The soil sample was composed of organic gravelly sand of Granite-Gneiss
origin and had a pH of 5.1. Mineral concentrations were as follows (lbs/acre): P = 5; K =
79; Mg= 67; Ca= 220; Zn= 3; Mn= 40. Approximately 15-20 g of soil was added to a
44 mm x 12.5 mm aluminum weighing dish. Holes were added to the bottom of the dish
to aid in drainage of excess soil moisture. Following pasteurization, 2 ml of inoculum
containing mascerated hyphae were suspended in sterile DI water and pipetted onto the
surface of the soil. To allow for greater fungal establishment before transfer to septic
conditions, the soiVinoculum was incubated 7 days in darkness at 22 C. Filter paper
circles (Whatman #1, 4.25 cm diam.) were placed on the surface of the soiVinoculum and
moistened with sterile distilled water. All protocorms incubated under illumination which
be.came green were transferred to filter paper circles in the soil dishes. The dishes were

59
removed from aseptic conditions and placed in a greenhouse in early spring under natural
illumination and day length. Temperatures fluctuated from 13 C during the evening to 30
C in daylight. To simulate the natural moist habitat, the protocorms were misted for 5-10
sec at 13 min intervals between 8:00 a.m. and 8:00 p.m. daily. Pasteurized Sphagnum
moss was added to the surface of each dish adjacent to seedlings after basal leaves
appeared. To confirm fungal infection, selected protocorms were stained and mounted
according to the methods of Phillips and Hayman (1970) and Smreciu and Currah (1989).
Statistical analyes based on ANOV A and Duncans Multiple Range Test was obtained
using SAS software (Cary, NC).

Results
Fun ~al Isolates
Sixteen fungal strains from five orchid species were isolated and utilized in the study
(Table 4.2). All but one isolate (Pcst-96) had white to cream-colored, mostly submerged
mycelium on PDA. these isolates appeared to be members of the anamorphic genera

Epulorhiza Moore and Moniliopsis Moore (Moore, 1987). Isolate Pcst-96 was darkly
pigmented, non-sporulating, and slow growing on PDA. This fungus appeared similar to

MRA strains described by Currah, Smreciu and Hambleton ( 1990).

Gennination
Seeds of P. integrilabia germinated (reached Stage 1) within 50 days on OMA and
MOM for all treatments. On OMA, inoculated seed had a significantly higher germination
rate (32.8 to 51.4 %) (Figure 4.1). Fungi isolated from P. ciliaris roots (Pcil-127), Pcil154) as a group promoted the highest overall germination rate of P. integrilabia seed on
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OMA (51.4 %) (Figure 4.1). In comparison, P. integrilabia endophytes as a group (Pi39, Pi-70, Pi-89, Pi-93, Pi-155) induced fewer seeds of the same species to genninate
(35.9 %) (Figure 4.1). The highest germination rate for a single treatment (73.1 %)
occurred when S10 seed stored at 6 C was inoculated with P. ciliaris isolate Pcil-127 on
OMA. With a P. integrilabia endophyte, the highest germination rate for a single
treatment (67.2 %) occurred when S10 seed stored at -7 C was inoculated with isloate Pi70 on OMA. The lowest germination rate among fungal endophytes occurred when seeds
were inoculated with strains Pcla-122, Pcst-96, Pcla-109 (24.5, 21.7, and 14.2 %,
respectively). There were no significant differences in mean germination rates for
inoculated seed on OMA among seed storage temperatures: -7 C (40.9 %), 6 (40.3 %),
and 22 (38.4 % ) (Figure 4.2), however, the germination rate of chilled seed was slightly
higher than that of seed stored at room temperature. Among seed sources, S 10 seed had a
significantly higher combined germination rate than seed from smaller populations (S 10 =
46.8 %, S6 = 34.8 %, S5 = 15.1 %, S3 = 19.5 %) (Figure 4.3). Although lower than that
of S 10 seed, the germination rate of S6 seed was significantly higher than seed from a still
smaller population (S5), and seed from the same population stored an additional year
(Figure 4.3). For the combined inoculated seed treatments, there was no significant
difference between the two media on seed germination (OMA= 37.2 %; MOM= 29.1
%), although the germination on OMA was greater (Figure 4.4). The highest germination

on MOM (58.9 %) was recorded when S10 seed stored at 6 C was inoculated with isolate
Pi-93.
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Figure 4.3. Effect of seed source on germination and soil establishment for inoculated
seed on OMA. Values within categories marked by the same letter are not significantly
different (p = 0.05).
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Seedlin ~ Establishment
Overall, less than 3 % of all inoculated seed produced plants which were successfully
established in a greenhouse. Of the 16 fungal isolates used in symbiotic germination of P.

integrilabia seed, six promoted the establishment of seedlings on soil in a greenhouse up
to 392 days after inoculation (Table 4.3). Four of these six fungi were isolated from P.

integrilabia (Pi-70, Pi-89, Pi-93, Pi-155), while the remaining two sttains were isolated
from P. clavellata (Pcla-115) and P. cristata (Pcst-163). Seed inoculated with the other
10 fungal isolates did not develop beyond Stage 5, including P. ciliaris endophyte
seedlings. For uninoculated seed, no seedlings developed beyond Stage 3.
Of the 23 treatments that led to the establishment of P. integrilabia seedlings on soil,
14 incorporated S 10 seed. In addition, 19 of the 23 treatments used chilled seed.
Although less than 9 % of all sown seeds became established on soil in 22 of the 23
treatments, one treatment in particular (S 10 seeds @ 6 C inoculated with isolate Pi-89 on
OMA) led to the establishment of 19.7 % of all sown seeds. When media are compared
among the 23 treatments, 3.4 % and 1.6 % of the sown seeds became established on soil
after inoculation on OMA and MOM respectively.
A total of 213 seedlings were ttansferred to greenhouse soil during the study, 98 of
which produced a measurable basal leaf 388 days after seed sowing. The mean length and
width of the leaves were 1.4 cm and 0.3 cm. respectively. Of these 98 seedlings, 60 were
grown on MOM before soil introduction. In addition, seedlings grown on MOM had
larger mean basal leaves compared with seedlings reared on OMA with respective lengths
and widths of 1.92 cm x 0.90 cm vs. 0.39 cm x 0.25 cm. However, the single largest

seedling for the study germinated on OMA, originating from S10 seed stored at 6 C. The
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Table 4.3. Summary of treatments leading to the soil establishment of protoconns.

Seed Storage
~

~

OMA
OMA
OMA
OMA
MOM
OMA
OMA
OMA
MOM
MOM
MOM
OMA
MOM
MOM
OMA
OMA
OMA
OMA
OMA
MOM
MOM
OMA
MOM

SlO
SlO
S6
SlO
SlO
S3
S6
SlO
SlO
SlO
S6
SlO
S6
SlO
SlO
SlO
SlO
S5
SlO
S6
S3
SlO
S5

Totals

Temp, CC)

Protoconns % Establ.

Fun~s

6
-7
22
6
-7
6
-7
22
6
6
6
-7
-7
-7
-7
22
22

Pi-89
Pi-89
Pcst-163
Pcla-115
Pi-70
Pi-93
Pi-93
Pcst-163
Pi-70
Pi-93
Pi-70
Pcla-115
Pi-70
Pi-93
Pcst-163
Pi-89
Pcla-115

6

Pi-93

6
-7
6
-7
6

Pi-93
Pi-93
Pi-70
Pi-155
Pi-70

#

Seeds

Establ, Soil

254
350
254
190
585
257
366
240
590
547
278
225
401
579
394
345
323
253
618
410
259
370
292

50
29
20
8
21
8
8
5
12
10
4
3
5
7
4
3
3
2
5
3
1
1
1

8,330

213

Soil
19.7
8.3
7.9
4.2
3.6
3.1
2.2
2.1
2.0
1.8
1.4
1.3
1.2
1.2
1.1
0.9
0.9
0.8
0.8
0.7
0.4
0.3
0.3

Days to

Soil
253
253
392
228
201
328
228
392
228
327
201
253
201
228
255
392
254
328
327
228
229
358
202

Avgs.= 2.6 % 273.3
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basal leaf measured 5.8 cm in length and 1.0 cm in width 416 days after seed inoculation
with isolate Pcla-115.
All selected protocorms exceeding Stage 2 of development showed some degree of
peloton fonnation (Figure 4.5), except those seedlings that germinated asymbiotically.

Discussion
Germination rates of P. integrilabia seed varied considerably depending on the fungal
strain, seed source, and seed storage temperature employed. Seed germination does not
appear to qualitatively require a fungus symbiont since both inoculated and uninoculated
seeds germinated. However, inoculated seed had a significangly higher overall
germination rate than uninoculated seed. In addition, all seedlings reaching soil (Stage 6)
originated from seeds previously inoculated.
All fungal isolates enhanced seed germination except for two non-P. integrilabia
strains (Pcla-1()() and Pcst-96) which reduced germination rates below that of control
seed. While all P. integrilabia endophytes as a group promoted high germination rates on
OMA (35.9 %), P. ciliaris endophytes combined (PciJ-127, Pcil-154) induced the highest
overall germination rate for the study (51.4 %). Yet in terms of seedling establishment on
soil, none of the seemingly healthy, P. ciliaris endophyte seedlings reached Stage 6. In
this regard, high germination rates do not necessarily correspond with successful seedling
establishment on soil.
Only six of the 16 fungal isolates utilized in the study promoted the establishment of
seedlings on soil. Of these six isolates, Pi-89 showed the greatest promise in the symbiotic
seed propagation of this species. The presence of pelotons in the successful seedlings
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Figure 4.5. Peloton formation within the cells of a P. integrilabia protocorm by an
endophyte isolated from P. cristata (Pcst-163) at 256x.
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indicated a compatible fungus/orchid association had developed (Clements, 1988). While
four of the six isloates originated from the roots of P. integrilabia, the other two strains
(Pcst-163, Pcla-115) were derived from the roots of other Platanthera species (P. cristata
and P. clavellata). Thus, it would appear that the symbiotic seed propagation of P.

integrilabia would not be limited to endophytes of P. integrilabia. Since P. integrilabia
as well as other terrestrial orchids show little specificity for endophytes of related taxa
(Hadley, 1970; Clements et al., 1986; Smreciu and Currah, 1989), the selective, legal
removal of Platanthera species other than P. integrilabia by collectors or other factors
could ultimately contribute to the demise of this endangered orchid since less inoculum
would be available for germination.
Despite the symbiotic method employed here, a mean of only 2.6 % of all seeds utilized
in this study grew into protocorms large enough for soil introduction. This success rate
appears to be low, especially when compared with that of more common species such as

Goodyera pubescens (Willd.) R. Br. and Tipu/aria discolor (Pursh) Nutt. which have
respective success rates as high as 50 % and 95 % (Coke, 1989). However, rare species
have proven more difficult to propagate using both symbiotic and asymbiotic methods
(Clements et al., 1986; Stewart and Mitchell, 1991). Work by Smreciu and Currah (1989)
revealed that few seeds germinated overall for Platanthera hyperborea Lindley, P.

obtusata (Banks ex Pursh) Lindley, and P. orbiculata (Pursh) Lindley using asymbiotic
and symbiotic methods. Low germination and seedling survival may therefore be normal
for species of Platanthera including P. integrilabia, and could partially account for this
species' rarity.
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Seed source appears to play a crucial role in the seed germination and propagation of

P. integrilabia. For example, S 10 seed had a significangly higher germination rate than
S6 seed. In addition, 14 of the 23 treatments that led to the soil establishment of seedlings
incorporated SlO seed (Table 4.3). Since SlO seed originated from the largest remaining
P. integrilabia population (McMinn Co., TN), and S6 seed came from a small, isolated

population of fewer than 40 flowering individuals (Rabun Co., GA), genetic inbreeding
may account for some of the differences observed between the two. S 10 seed would more
likely be derived from cross pollinations of remotely related parents since several hundred
individuals comprise the population. From a conservation standpoint, the continued
survival of P. integrilabia through seed propagation may largely depend on the continued
existance of large populations such as the McMinn Co., TN site as a source of seed. Also,
seed collections may be essential to the conservation of P. integrilabia's germplasm,
especially when larger populations are threatened. Stored over desiccant, some orchid
species' seed have been reported to remain viable up to 18 years at O C (Kano, 1965).
Work by Pritchard (1984) demonstrated that exposure of terrestrial orchid seed to liquid
nitrogen (-196 C) had no negative effect on growth and development following
germination. Since it is not known how long P. integrilabia's seed can remain viable
beyond the 20 months observed in this study, protection and seed collection alone do not
appear to ensure this species' survival. In vitro seed germination may provide the best
hope of P. integrilabia's conservation. In addition, parallel research directed at improving
survivability is needed followed by a program to introduce artificially-grown SlO seedlings
into suitable areas including populations nearing extinction. Additional research in
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symbiotic seed germination with the goal of improving propagation efficiency. as well as
protection of both P. integrilabia and its associated orchid species, regardless of rarity,
should be vigorously pursued.

CHAPTERV
LIGHT ENHANCEMENT OF SYMBIOTIC SEED
GERMINATION AND DEVELOPMENT OF
AN ENDANGERED TERRESTRIAL

ORCHID

Introduction
The Orchidaceae may be considered the largest plant family in the world with about
20,000 to 30,000 species (Cronquist, 1981). All members produce minute, dust-like seeds
which lack abundant food reserves (endosperm) for germination and seedling
establishment, and therefore must rely on symbiotic (mycorrhizal) fungi to infect and
initiate growth of a receptive embryo. Temperate terrestrial orchids, unlike their tropical
(epiphytic) relatives, have generally proven difficult to germinate and raise from seed in

vitro on nutrient media alone (Arditti, 1982; Clements, 1982; Clements, Muir and Cribb,
1986). During tlie last two decades, however, the use of mycorrhizal fungi to promote
germination and development in vitro has been largely successful for species in North
America (Smreciu and Currah, 1989; 2'.ettler and Mcinnis, 1993) and abroad (Clements
and Ellyard, 1979; Clements, 1982; Clements, Muir and Cribb, 1986; Tsutsui and Tomita,
1986; Muir, 1987), including those threatened with extinction (Stewart and Mitchell,
1991; 2'.ettler and Mcinnis, 1992; Stewart, 1993). Unfortunately, the majority of the
world's terrestrial orchids are in critical need of a proven method of propagation as native
habitats continue to be lost to human activity.
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Symbiotic seed gennination has been shown to be greatly affected by mycorrhizal fungi
(Zettler and Mcinnis 1992, 1993), temperature (Harvais and Hadley, 1967;
Rasmussen, Andersen and Johansen, 1990a, 1990b) and light (Van Waes and Debergh,
1986; Rasmussen, Andersen and Johansen, 1990b). While the use of light during initial
seed incubation in symbiotic culture is commonly practiced (Warcup, 1973; Clements,
1982; Clements, Muir and Cribb, 1986), other reports discourage light usage at least until
initial leaves are formed (Fast, 1982; Hadley, 1982; Dixon, 1987; Muir, 1987; Stewart and
Mitchell, 1991). Very little is known regarding light sensitivity and the effect of spectral
composition during early germination of orchid seed (Rasmussen, 1990b). In this
investigation, the role of white light during early symbiotic infection is reported for seeds
of an endangered species, Platanthera integrilabia (Correll) Luer, exposed to three light
(16 hr photoperiod) treatments and a single dark treatment. Seed germination and early
development is also described for light/dark-treated seeds in the absence of symbiotic
fungi.

Materials and Methods
Seed Sowin~ and Fun~al Inoculation
Mature green capsules of P. integrilabia were obtained from 15 individuals at the
largest extant population of P. integrilabia (ca. 1,000-4,000 flowering specimens) in
McMinn Co., TN on 7 October 1992. Capsules were dried in the laboratory for one week
at ambient temperature on CaSO4 (Drierite) desiccant until dehiscence. Seeds were placed
in sealed, sterile glass vials containing the same desiccant and stored at 6 C in darkness
for 9 months. Four fungal isloates (Pi-70, Pi-89, Pcst-163, Pcla-115) were used in the
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inoculation of seed. The latter three isolates were used during repeated experiments. All
isolates were effective in promoting seed germination (propagation) of P. integrilabia in
an earlier study (Zettler and Mcinnis, 1992) and appeared to be members of the
multinucleate genus Moni/iopsis described by Moore (1987). Seeds were sown similar to
the technique described by Dixon (1987) which consisted of the placement of 100-275
surface-sterilized seeds on a 1 cm x 4 cm filter paper strip (Whatman # 1) within a 9 cm
diam. Petri plate containing ca. 20 ml oat meal agar (OMA) adjusted to a pH of 5.0.
Plates were inoculated by the addition of a 1 cm3 block of agar containing mycelium
placed on OMA ca. 1 cm adjacent to each filter paper strip. At least three plates
(replicates) were inoculated with a single fungus isloate; each treatment consisted of 12
plates containing four fungal isolates. Plates that did not receive symbiotic fungi (control)
were otherwise treated in the same manner.

Incubation
Immediately following inoculation, plates were wrapped once in Parafilm
and exposed to one of four treatments (S-1 to S-4; Table 5.1). Seeds in asymbiotic
culture (A-1 to A-4) received the same four light treatments. Plates subjected to
continuous light and to a 16 hr photoperiod were illuminated under a "typical" fluorescent
light emission pattern (General Electric 18" F24Tl2.CW.HO bulbs (55.8 µmol m- 2 s-1)
within an incubator (Percival; Boone, IA 50036). Plates incubated in continuous darkness
were wrapped tightly in aluminum foil and placed in a dark cabinet. Temperature was
maintained at 21 C for all treatments for the duration of the study (77 days). Three weeks
(21 days) after fungal inoculation, all plates were removed from incubation and
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Table 5.1. Summary of light/dark seed treatments for symbiotic and asymbiotic cultures.

S-1 = inoculated seeds subjected to continuous darkness
S-2=

II

S-3 =
S-4=

II

ti

7 days darkness followed by 16 hr photoperiod

II

16 hr photoperiod for 7 days followed by darkness

II

16 hr continuous photoperiod

A-1, A-2, A-3, A-4 = received same respective treatment as above but did not
receive fungal inoculation.
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gennination/development scored under a dissection microscope on a scale of 0-5 (Figure
5.1). This process was repeated every 7 days for an additional 8 weeks. During this
process, all seed and seedlings were exposed to brief (ca. 10-15 min) light exposures,
including those in continuous darkness (S-1 and A-1). Gennination was defined as the
production of one or more rhizoids and/or rupture of the seed coat, whichever came first.
Statistical analysis consisted of ANOVA and Duncan's Multiple Range Test using SAS
software (SAS Institute, Cary, NC).

Results
Seed Gennination
Fewer than 1 % of seeds in both symbiotic and asymbiotic culture exposed to
continuous (S-4, A-4) or to 7 days darkness prior to photoperiod treatment (S-2, A-2)
genninated after 77 days incubation (Figures 5.2, 5.3 and 5.5). Those that did germinate
under the influence of light produced green embryos, followed by one or two rhizoids.
Gennination percentages for inoculated seeds placed in continuous darkness (S-1)
increased at a linear rate, while those exposed to 7 days of light followed by darkness
(S-3) appeared to increase at an exponential rate during the first 21 days of incubation.
Germination percentages for prior light-treated seeds (S-3 =44.0 %, A-3 =9.5 %) were
more than 50 % greater than those observed for seeds in continuous darkness (S-1

= 20.3

%, A-1 = 1.8 % ) at the end of the study (Figure 5.3). Germination percentages for
inoculated seeds exposed to 7 days of light followed by darkness (S-3) were also
significantly greater (p = 0.05) than those for any other treatment (Figure 5.3). Inoculated
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seeds exposed to continuous darkness (S-1) had significantly higher (p = 0.05)
germination percentages than all other treannents except S-3 (Figure 5.3).
When inoculated seed germination is compared across all light treannents, seeds
inoculated with isolates Pi-89 and Pcla-115 had a significantly higher (p = 0.05) percent
germination (17.6 % and 16.8 %, respectively) than for seeds inoculated with strain Pcst163 (12.3 %) and those in asymbiotic culture (2.1 %; Figure 5.4). Germination
percentages for seeds inoculated with Pi-70 were not significantly different from the other
three fungal isolates (Figure 5.4). For seeds in asymbiotic culture, those exposed to 7
days of light followed by .d arkness (A-3) had a significantly higher (p = 0.05) percent
germination (7.6 %) than for the other three treatments (A-1

= 1.7, A-2 =0.0 %, A-4 =

0.0 %; Figure 5.5).

Develo_pment in vitro
Over 7 % and 1.2 % of all S-3 seeds (embryos) infected with fungi grew to sizes large
enough for seed coat rupture and leaf primordia development, respectively, 77 days after
inoculation (Figure 5.6). In comparison, fewer (3.2 and 0.2 %) fungus-infected seeds
(embryos) grew to sizes large enough to permit seed coat rupture and leaf primordia
development, respectively, when exposed to continuous darkness alone (S-1; Figure 5.6).
Seeds grown in the absence of fungi (A-1 to A-4) did not develop beyond Stage 1
(production of one or more rhizoids), regardless of light exposure. Inoculated seeds given
extended light exposure (S-2 and S-4) also did not develop beyond Stage 1 (Figure 5.6).
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Figure 5.6. Final stages of development attained by protocorms after 77 day period for
symbiotic and asymbiotic treatments.
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Discussion
Due to the complex nature of the Orchidaceae, it is not surprising that the literature
concerning light and seed germination appears to contradict itself. While some terrestrial
species appear to benefit from light exposure in symbiotic (Rasmussen, 1990b) and
asymbiotic culture (Stoutamire, 1964; Arditti, 1982), others are clearly inhibited
(Stoutamire, 1964), even at light levels as low as 1.2 µmol m- 2 s- 1 (Van Waes and
Debergh, 1986). Only recently has light sensitivity and the effect of spectral composition
been investigated during early germination of orchid seed. Rasmussen and Rasmussen
(1991) observed that seed germination of D,actylorhiza majalis (Fchb.f.) Hunt &
Summerh., a European species similar to North American Platanthera, was largely
inhibited by continuous long and short day photoperiocls, very low light intensities and
green light However, percent germination for that species was raised when seeds were
illuminated briefly, especially with red light (Rasmussen and Rasmussen, 1991). In our
study, seeds of P. integrilabia were also initially light sensitive during the first 7 days after
inoculation (S-3), and that early illumination followed by darkness actually raised the
germination percentage above those in continuous darkness (S-1; Figures 5.2 and 5.3).
Although it is conceivable that dark-treated seeds could have been influenced by brief (1015 min) light exposure during weekly rating of protocorms, it is doubtful that light
"contamination" played a prominent role on seed germination since protocorms were rated
only after the first 21 days of incubation in total darkness without interruption.
While light may have some influence on lthe mycorrhizal fungi in symbiotic culture, it
would appear that light affects the embryo alone since seeds in asymbiotic culture (A-1
and A-3) also responded similarity to light as those in symbiotic culture (S-1 and S-3;
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Figures 5.3 and 5.5). Nevertheless, the inoculation of light-treated seeds with compatible
fungi appeared to have a synergistic effect with light since treatment S-3 had a greater
percent germination than the combined percentage of fungus (S-1) and light (A-3) regimes
alone (Figure 5.3). The benefits of prior (16 hr photoperiod) light treatment followed by
darkness clearly outweigh those provided by darkness alone. Past attempts to propagate
terrestrial orchids using the symbiotic method in darkness without prior illumination (e.g.,
Zettler and Mcinnis, 1992) might have achieved greater success, depending on the species,
if seeds had received initial light exposure. Stoutamire (1964) suggested that species that

"colonize" wet, open or partially shaded locations (e.g., Ca/opogon, Habenaria-

P/atanthera, Pogonia, Spiranthes) are those which are most likely to have their seedlings
benefit from direct light at an early stage. Rasmussen and Rasmussen (1991) implied that
red light stimulation is an adaptation for seed germination of D. majalis in open areas
because red light would largely be absorbed by a canopy of leaves. Further, they suggest
that the hydrophobic nature of the seed coat would permit seeds to remain on surface
vegetation until gradually carried by rain drops into soil at depths devoid of inhibitory light
(Rasmussen and Rasmussen, 1991 ). Based on these suggestions and on our results, we
speculate that early light exposure followed by darkness occurs naturally for P.

integrilabia from the time seeds are shed from capsules to their fixation in a fungus-laden
substrate, where germination then commences. Since P. integrilabia inhabits shaded
(deciduous) bogs, seed germination probably occurs between late fall and early spring
after seeds have been vemalized and when light is more prevalent. We advise future
programs which attempt to propagate P. integrilabia and other species from seed to
expose seeds to a prior light treatment, and to determine what light exposures are
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considered optimal. We recommend that future research efforts, particularly those
involving symbiotic seed germination of other endangered species, consider light treatment
before propagation is attempted on a large scale.

CHAPTER VI
SEED GERMINATION AND DEVELOPMENT IN SITU
OF AN ENDANGERED TERRESTRIAL ORCHID

(PLATANTHERA INTEGRILABIA)

Introduction
The Orchidaceae is a highly successful pfant family whose members produce tiny, dustlike seeds that lack abundant food reserves (endosperm) of their own. In order to
germinate and develop in nature, a compatible (mycorrhizal) fungus must infect and form
a symbiosis with a receptive embryo. For terrestrial orchids, whose seeds eventually
become fixed below ground where light levels are very low, such fungi are believed to be
especially important during early seedling growth by providing a carbon source until the
plant develops sufficient leaf area for effective photosynthesis.
Due to the small size of orchid seed and seedlings, it is extremely difficult to observe
germination and development under natural conditions. Consequently, very little is known
regarding many aspects of orchid seed ecology (e.g., percent germination, developmental
time, etc.) other than that reported for species grown artificially (in vitro). However, in a
recent study by Rasmussen and Whigham (1993), a method was introduced to sow and
retrieve orchid seed in the field that would allow the monitoring of germination and
seedling (protocorm) development under natural conditions for the first time. This
consisted of the retention of seeds within netting material suspended in plastic (36 mm)

slide mounts that were buried under leaf litter. The pore size (35 µm) was small enough
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to retain orchid seed embryos, yet large enough to allow the hyphae of soil fungi to
penetrate the packet. In this investigation, a similar method was adopted to monitor
natural seed germination and development of an endangered species, Platanthera

integrilabia, on three soil types: (1) from natural habitats containing P. integrilabia
adults; (2) from habitats which appear to be suitable to P. integrilabia but lack the species;
and (3) from areas that appear to be unsuitable to P. integrilabia. In addition, seeds· were
also sown on soil contained within Petri dishes followed by incubated in the laboratory.
This paper describes in situ seed gennination and development for P. integrilabia on these
various soils. The conservation of the species using this technique is also discussed.

Materials .and Methods
~

Seeds were collected from mature green capsules from 15 individuals at the largest
extant population of P. integrilabia in McMinn Co., TN on 7 October 1992. Capsules
were dried in the laboratory for one week at ambient temperature on CaSO4 (Drierite)
desiccant and stored until dehiscence. Seeds were placed in sealed, sterile glass vials
containing the same desiccant and stored at 6 and -7 C until used in sowings (4 and 8
months later).

Seed Packet Consnuction
Field sowings were adapted from the technique of Rasmussen and Whigham (1993),
with subsequent modifications. Seeds were placed in nylon sifting material of 95 µm
mesh size obtained from Carolina Biological Supply Co.(# 65-2222M). Packets of
material were constructed by cutting 5 cm x IO cm rectangles. Approximately 50-500
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seeds previously stored at 6 or -7 C were placed on one side of each rectangle that was
then folded once to produce a 5 cm x 5 cm square packet. Each packet was suspended in
plastic 35 mm slide mounts (Polaroid) and stapled on all four sides with Stanley Bostitch
chisel point staples (SBS 191/4 CP). To allow for sufficient space for protocorm
development, small pockets were created for the seeds at the time of stapling in the center
of each packet. A 3 mm hole was punched with a heated dissection needle at the comer of
each slide mount. An identification number was also engraved on one side of the slide
mount, using the heated needle. Care was taken to prevent smoke fumes from contacting
the orchid seeds by burning the plastic downwind from an electric fan. Transparent
fishing line was inserted through each slide mount hole and tied. Three replicate seed
packets (slide mounts) were tied to a single line ca. 1.5 min length, and each packet was
spaced 10 cm apart. Packets were buried under ca. 5 cm soil, and lines were attached to
adjacent woody vegetation that was tagged for later retrieval.

Study Sites and Dates for Field Sowin~s
Seed packets were placed in three different soil types in association with three P.

integrilabia populations in three states (Table 6.1 ). These soil types were chosen for their
potential at harboring suitable fungi for germination and consisted of: (1) unsuitable soil
(U) =dry, well drained soils lacking orchid taxa, (2) suitable soil (S) =muck (hydric)

soils in bogs that supported related orchid taxa and appeared suitable for P. integrilabia,
but lacked the species, and (3) population soil (P) = from a P. integrilabia population.
Seeds stored at both 6 and -7 C were placed in each soil type to determine if a prior seed
storage temperature influenced germination in situ. Seed sowing took place during winter
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Table 6.1. Description of soils used for in situ seed germination.

Georgia

S Carolina

Tennessee

.s.2il~

Description

Unsuitable

Rabun Co., bottom of Tallulah Gorge, ca. 100 m from
Tallulah River on N side of Gorge. On steep slope, welldrained soil with organic matter and gravely sand, under
canopy of mixed hardwoods.

Suitable

Rabun Co., same vacinity as U soil location. From small
seep, deep shade on organic mats of muck soil, gravely
sand, and roots. Associated dominant flora: Drosera
rotundiflora L., Mitchella repens L., Parnassia asariflolia
Vent., Platanthera clavellata (Michx.) Luer, Sphagnum sp.,
Spiranthes cernua var. cernua (L.) Rich. Rhus vernix L.,
Xanthorhiza simplicissima Marshall.

Population

Rabun Co., same vacinity (<200 m) as U and S soil
locations. Habitat nearly identical as that for S site and is
described fully by Zettler and Fairey (1990).

Unsuitable

Greenville Co., N edge of county on a small mountain, elev.
ca. 700 m. From steep slope, nearly identical to site in
Rabun Co., GA.

Suitable

Greenville Co., ca. 50 m from U (SC) site. From seepage
slope, deep shade, on organic mats of muck soil, gravely
sand and roots. Associated dominant flora: Carex sp.,
Parnassia grandiflora DC., P. c/avellata, Viburnum
cassinoides L., X. simplicissima.

Population

Greenville Co., below S and U sites on same mountain,
elev. ca. 450 m. Site nearly identical to that in Rabun Co.,
GA and is described in detail by Zettler and Fairey (1990).

Unsuitable

McMinn Co., Cherokee National Forest, on small mountain
elev. ca. 400 m. Site consists of dry, clay soil in full sun,
nearly devoid of all vegetation except for Andropogon sp.,
Pinus virginiana Miller, and a green alga on adjacent rocks
(probably Chlorella sp.).
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Table 6.1 (Continued)
Suitable

McMinn Co., ca. 2 km from U site in deep shaded semipersistent, level bog, clay soil, containing Nyssa sylvatica
Marshall., P. clavellata, P. cristata (Michx.) Lindi., and
Sphagnum sp. This site probably drains into a nearby P.
integrilabia population (below) during heavy rains.

Population

McMinn Co., ca. 0.5 km from S site, from largest known P.
integrilabia population, in deep-shaded, level bog covering
an area ca. 275 x 15 m (Shea, 1992). Dominant associated
flora: Acer rubrum L., Carex lupulina Muhl. ex Schkuhr.,
N. sylvatica, Osmunda cinnamomea L., 0. regalis var.
spectabilis (Willd.) Gray, P. clavellata, P. cristata,
Sphagnum sp., and Woodwardia areolata (L.) Moore. A
detailed description is cited in Shea (1992) and Zettler,
Ahuja and Mclnnis (in review).
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(1 February 1993) and was repeated in early summer (1 June 1993). All packets remained

undisturbed until harvesting, which took place between 14 October and 8 December 1993.
After harvesting, all packets were taken to the laboratory where seed germination and
development were assessed under a dissection microscope. Seed germination (Stage 1)
was defined as the development of at least one rhiroid by embryonic tissue. Subsequent
growth stages were as follows: Stage 2 = seed coat (testa) ruptured by enlarged embryo,
Stage 3 = formation of leaf primordium, Stage 4 = appearance of first true leaf.

Soil Incubation in the Laboratozy
To monitor germination and development weekly, seeds were sown on soil within Petri
plates and incubated in the laboratory. All soil types (U, S, P) obtained in this experiment
were identical to those used in harboring seed packets in situ from the three populations
(Table 6.1). Soils were collected in sterile, plastic Petri dish bags between 27-30 May,
1993 and stored in darkness at 20 C for up to one week. Approximately 15-20 g soil each
were added to 100 x 15 mm Petri dishes followed by the placement of a 1 x 4 cm strip of
filter paper (Whatman, #1001 090) on the soil surface. Soil obtained from unsuitable
habitats lacked sufficient moisture for fungal proliferation and were moistened with 7 ml
sterile DI water. To determine if seed germination was dependent on the presence of
fungi (control= C), soil collected from the McMinn Co., TN P. integrilabia population
was sterilized in an autoclave (30 min@ 18-20 psi, 121 C), allowed to cool overnight, and
added to Petri dishes using a sterile spoonula. A single autoclaving was sufficient to kill
soil fungi. Seeds sown on control plates were surface sterilized for 1 min in a solution of

5 ml absolute EtOH, 5 ml NaOCl and 90 ml sterile DI water. This prevented possible
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contamination from microbes residing on seed testa, yet allowed embryos to retain
viability based on past studies (e.g ., Zettler and Mcinnis, 1992, 1993). Seeds were then
rinsed twice for 1 min in sterile DI water, and between 30-170 were added to each plates'
filter paper strip using an inoculation loop. Seeds added to the remaining (non-sterile) soil
plates did not receive surface sterilization, but were rinsed 1 min in sterile DI water prior
to sowing. All plates were wrapped once in Parafilm and incubated in darkness at 20-24
C. Plates were incubated separately (by population and soil type} to reduce the possibility
of cross contamination by mites. After 28 days incubation in continuous darkness, seed
germination and developm_e nt were assessed weekly (up to 140 days) under a dissection
microscope and were subjected to illumination lasting 10-15 min per week. Selected
protocorms from outdoor and Petri plate sowings were stained to reveal the presence of
fungal hyphae (pelotons) using the methods of Phillips and Hayman (1970). Analysis of
variance and separation of means (p = 0.05) of seed germination was performed based on
three replicates per treatment, using SAS software (SAS Institute, Cary, NC).

Results
Seed Qeonination in the Natural Habitat
Of the 108 seed packets containing 12,970 seeds (from 18 treatments x 3 replicates x 2
experiments) placed in soil, 19 (17.6 %) were lost or could not be relocated. The
remaining packets were in good condition and were clearly integrated into the surrounding
microflora (fungal hyphae, vascular plant roots) and fauna (mites, annelids, collembola).
Seed germination occurred for all treatments in P. integrilabia populations, and for the
majority on S soils (except in TN with 6 C seeds) in the three states. Seeds placed in SC
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and TN soils had a significantly higher and lower (20.7 and 5.2 %) respective percent
germination than seeds placed in GA soil (11.9 %). In U soils, less than 1.0 % in SC
(both -7 and 6 C seed) and GA (-7 C seed) producing rhizoids. The percent germination
for U soils was not significantly different among themselves in a given state, but was
significantly lower than all other soils per state except two, P soils in GA and S soils in TN
(Figure 6.1). Maximum percent germination (56.9 %) was recorded for (-7 C) seeds in S
soils in SC. Similarly, seeds placed in S soils had the highest overall percent germination
(19.8 %) for the study compared with P (14.7 %) and U (0.1 %) soils. When analyzed
among soil type and state, P and S soil from SC and GA, respectively, had a significantly
greater percent germination (37.8 and 33.0 %, respectively) than all other soils (Figure
6.1). Percent germination for seeds sown in February (13.2 %) was not significantly
greater than those sown in June (12.1 %). Great variability in percent germination was
often observed within the three replicates of each treatment. For example, of the -7 C
seeds placed in P soils in TN in June, only 4.0 % germinated in one packet, yet 34.4 %
germinated in another, despite the close (10 cm) proximity of each packet to one another.

Protoconn Development in the Natural Habitat
Aside from seed germination (production of one or more rhizoids), seedling
(protoconn) development was relatively uncommon. On U and S soils, respectively, only
0 of 4,186 (0.0 % ) and only 4 of 4,155 (0.1 % ) of seeds developed embryos large enough
to rupture the testa (Stage 2). On P soils, however, development was considerably more
pronounced with 0.9, 0.3 and 0.04 % of seed embryos growing to Stages 2, 3, and 4,
respectively. When states are compared, P soil from TN was most effective in promoting
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Figure 6.1. Percent seed germination for seeds sown in situ in the natural habitat (February and June sowings combined) by state and
soil type (U, S, P = Unsuitable, Suitable and Population soils, respectively). Values indicated by the same letter are not significantly
different (p =0.05).
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development (Table 6.2). Of the selected protoconns obtained from TN (P) soil that were
stained, all showed some degree of peloton formation.

Seed Qennination on Soil Incubated in the Laboratrny
After 140 days, seeds germinated for all soil treatment_s that were incubated in the
laboratory, except for seeds sown on sterile soil (control) (Figures 6.2 and 6.3). Seeds
sown on control soil were completely inhibited from germinating except on a plate that
later became contaminated by an unknown imperfect fungus, and promoted a percent
germination of 53.4 %. Seed germination rates were exponential during the first 56 days
of incubation for seed on S and P soils, followed by a period of linear increase,
leveling off after 126 days (Figure 6.2). In addition, the germination rate of seeds on S
soil closely paralleled those on P soils (Figure 6.2). Among states, seeds placed on SC
soil had a significantly higher overall percent germination (35.7 %) than both TN (20.5 %)
and GA (25.4 % ) soils. When soil types are compared within each state, seeds sown on S
(SC) soil had a significantly higher percent germination (61.5 %) that all other soil types
except those placed on S soil from GA (56.5 %) (Figure 6.3). The highest percent
germination recorded for any single treatment (65.1 %) occurred when seeds previously
stored at 6 C were sown on S soil from SC. For U soils, seed germination was
significantly lower(< 5.6 %) than all other soil treatments (Figure 6.3). Storing seeds at 6
and -7 C prior to sowing did not significantly affect percent seed germination overall (27.1
and 27.4 %, respectively), and germination was relatively equal for seeds stored at the two
temperatures within each state (Figure 6.4).
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Table 6.2. Summary of soil types that promoted in situ seedling development beyond
germination (Stage 1).

Treatment

#and(%) in Stages:

<State. Soil Txge, Temp-C)

2

GA, S, 6
SC, P, 6
SC, P, -7
TN, S, -7
TN, P, 6
TN, P, -7
Totals

112
265

3 (2.7) 2 (0.7) -
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0 (0.0) 3 (3.3)
1 (0.7) -
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Protoconn Develcwment on Soil Incubated in the Laboratozy
Protocorm development was normally arrested for the vast majority of seeds following
formation of one or more rhizoids (Stage 1). On SC soils, all embryos that germinated (n
= 446) failed to grow to a size that would rupture the testa. On TN (P) soil, only a single

embryo ruptured the testa of 368 germinated seeds, while those on GA (P) soils fared only
slightly better with 10 rupturing the testa, two of which eventually produced leaf
primordia (Stage 3) after 140 days.

Discussion
As expected, considerably more seeds germinated when sown on soils that either
contain P. integrilabia, or appeared suitable to its existence, compared with soils that
appeared unsuitable for its existance. Because some seeds germinated on U soils while
those on sterilized TN (P) soil did not indicates that certain biotic factors (e.g., fungi)
probably trigger rhizoid production by receptive (sensitive) embryos. This is further
supported by the sudden germination response observed on a control plate that became
contaminated by an imperfect fungus. Yet despite the widespread germination observed,
very few embryos enlarged and developed to Stage 3 or larger throughout the study. We
speculate that rhizoid production could be a mechanism, once triggered by a wide range of
soil fungi, to contact and incorporate the less common, suitable fungi required for
advanced development
While seed germination occurred rather readily on S soils, and in some cases was
greater than that for P soils (e.g., GA, in siru and incubated; Figures 6.1 and 6.3),
protocorm development beyond rhizoid production was a rare occurrence (Table 6.2).
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Despite having promoted a lower overall percent gennination (Figures 6.1 and 6.3) for the
study, soil from the P. integrilabia population in TN appeared to harbor more effective
fungi involved in protocorm development, since most of the advanced-stage protocorms
were obtained from that soil (Table 6.2). Of the selected (Stage 2 and 3) protoconns
derived from that soil, the presence of pelotons indicated that the McMinn Co. population
is capable of inducing symbiotically-infected seedlings. Efforts to isolate the endophytes
responsible for advanced protoconn development have consistently yielded unusual fungi
that we have presently identified as Moniliopsis (Zettler and Mcinnis, unpubl.). These
isolates appeared identical.to those obtained from adult plants in the same population
which have promoted in vitro seed gennination and seedling establishment in an earlier
study (Zettler and Mclnnis, 1992). Ironically, the percentages and growth rates of
genninated seeds and developing seedlings observed in situ during this study is
comparable to seeds and seedlings derived through in vitro techniques (Zettler and
Mclnnis, 1992).
Recent evidence by Zettler and Mcinnis (1994, in review) indicated that seed
gennination and development of P. integrilabia is enhanced when imbibed seeds
(embryos) are exposed to a 7 day (16 hr) white light photoperiod followed by continuous
darkness. Because the seeds in this study did not receive a prior light treatment,
germination and development reported here would probably be lower than for seeds sown
under natural conditions, since it has been speculated that seeds receive early light
exposure between their liberation from capsules to their fixation in a soil substrate (Zettler
and Mclnnis, 1994, in review). In addition, seed germination (on incubated soil) could
have been influenced by brief (15 min) light exposure during weekly assessment
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The benefits provided by Rasmussen and Whigham's (1993) technique should not be
underestimated by ecologists and conservationists alike. Since some advanced protocorms
were obtained in this study despite their infrequency, this technique may serve as an
inexpensive and simple means to obtain endangered orchid seedlings for later
transplantation into suitable areas. Also, habitats can be "screened" and selected
according to their potential at promoting advanced protocorm development, followed by
the introduction of seedlings obtained in situ or in vitro through symbiotic means.
Furthermore, it is conceivable that seeds in packets can be regarded as "baits" as a means
to acquire endophytes most effective in promoting early development of the orchid
seedling. Once such fungi are obtained in this manner, in vitro symbiotic seed
germination may become more effective for some orchids, especially those problematic
species that have proven difficult to cultivate from seed. Efforts are being planned by the
authors to obtain seedling endophytes through in situ means of the federally endangered
Small Whorled Pogonia, /sotria medeoloides, and various Cypripedium species, whose
seed germination has remained difficult but highly desired.

CHAPTER VII
IDENTITY OF MYCORRHIZAL FUNGI OF
SOUTHEASTERN ORCHIDS
PLATANTHERA AND

·,

SPIRANFHES

Introduction
The Orchidaceae is a highly evolved, diverse family whose members are dependent on
symbiotic (mycorrhizal) fungi to initiate seed germination and seedling development in
nature. Although all orchids require fungi to some degree, terrestrial species are
particularly dependent on the early establishment of a symbiosis which may often be
maintained into adulthood. Such fungal dependence has hindered the cultivation through
seed of many terrestrial orchids worldwide, putting a heavy burden on conservation
efforts to propagate species threatened with extinction. Recent programs which
implement symbiotic seed germination in vitro have been largely successful for a limited
number of species (Clements and Ellyard, 1979; Clements, 1982; Clements, Muir and
._

Cribb, 1986; Dixon, 1987; Stewart and Mitchell, 1991; Zettler and Mcinnis, 1992, 1993),
and this technique appears to be gaining in popularity. The identity of north temperate
orchid mycorrhizal fungi effective in symbiotic seed germination is poorly understood
(Currah, Sigler and Hambleton, 1987), but progress has recently been made namely in
Canada (Currah, 1987; Currah, Sigler and Hambleton, 1987; Currah, Hambleton and
Smreciu, 1988; Currah, Smreciu and Hambleton, 1990; Currah and Zelmer, 1992).
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Repeated isolations from the cortical cells of adult orchids have consistently yielded fungi
assignable to the form-genus Rhizoctonia (Hadley, 1982). But because this genus
represents an artificial assemblage of unrelated fungi (e.g., ascomycetes, ustomycetes,
homobasidiomycetes and heterobasidiomycetes; Moore, 1987), a more natural taxonomic
system was devised by Moore (1987) that emphasized septal ultrastructure, nuclear
condition of hyphal cells, and their association with a known teleomorphic state. From
this system, three major anamorphic genera emerged that frequently form mycorrhizae
with orchids. These consist of the binucleate genera Ceratorhiza and Epulorhiza, which

produce teleomorphs assignable to Ceratobasidium and Tulasnella/Sebacina,
respectively, and the multinucleate genus Moniliopsis, whose teleomorphs are placed in

Thanatephorous (Moore, 1987).
The identification of "orchidaceous Rhizoctonias" to species has been a lingering
problem. In most cases, the induction of a perfect (teleomorphic) state in pure culture is
desired, but is (at best) a sporadic occurrence. Several studies (e.g., Currah, Sigler and
Hambleton, 1987, 1990) have thus focused on identification of the anamorphic stage,
based on cultural and morphological characters, especially monilioid cell morphology
(Currah, Sigler and Hambleton, 1987); however, many anamorphs do not possess reliable,
distinctive characters that justify a true "species" name. Nevertheless, the identification of
orchid endophytes to the genus level alone could reveal valuable information regarding the
distribution, ecology and other aspects of the Orchidaceae.

In this investigation, nine fungal isolates from the cortical pelotons of six terresnial
orchid species, P/atanthera ciliaris (L.) Lindi., P. clavellata (Michx.) Luer, P. cristata

(Michx.) Lindi., P. integrilabia (Correll) Luer, P. psycodes (L.) Lindl., Spiranthes cernua
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var. cernua (L.) Rich., native to the southern Appalachians of North America are
described. These isolates have promoted seed germination and protocorm (seedling)
development of terrestrial orchids in previous studies (2.ettler and Mcinnis, 1992, 1993; L.
W. 2.ettler, M. E. Pearce, F. Barrington and T. M. Mcinnis, unpubl.), including an
endangered species (P. integrilabia). An attempt was also made to isolate fungi from P.

integrilabia protocorms collected in the natural habitat, to determine if the fungi likely
responsible for seed germination in situ are similar to those retained by adult orchids.

Materials and Methods
Fun~al Isolate Culture and Characterization
Nine fungal isolates that promoted in vitro germination and protocorm development
from two earlier studies (2.ettler and Mcinnis, 1992, 1993) were characterized. Eight of
the isolates were obtained from the roots of five Platanthera species (P. ciliaris, P.

clavellata, P. cristata, P. integrilabia, P. psycodes) and the remaining fungus was isolated
from Spiranthes cernua var. cernua (Zettler and Mcinnis, 1992) (Table 7.1). All fungi
were maintained on potato dextrose agar (PDA, Difeo) in darkness at 10 and 22 C (2.ettler
and Mcinnis, 1992). Subculturing occurred at 3 and 6 month intervals for cultures stored
at 22 and 10 C, respectively (Zettler and Mcinnis, 1992). Growth rates were measured
according to the method outlined in Currah, Sigler and Hambleton (1987). Colonies were
color-coded after 40 days on PDA (darkness, 22 C) using the Methuen Handbook of
Colour (MHC; Komerup and Wanscher, 1983). Cultural characteristics (e.g., sclerotia
and monilioid cell formation) were noted after three week's growth on PDA, com meal
agar (CMA; McGinnis, 1980) and tap water agar (TWA; Currah, Smreciu and Hambleton,
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Table 7 .1. List of fungal isolates and their source of collection.

Isolate It.

HQ£10rchid

li.Qs.t Location/Habitat

~Coll~ted

Sc-6

Spiranthes cernua
var. cernua

GA: Rabun Co., muck soil, full
sun, ca. 30 m from
P. integrilab~a

1-22-89

Pi-70

P. integrilabia

SC: Greenville Co., muck soil,
shade

4-29-89

Pi-89

"

TN: Grundy Co., muck soil,
partial shade

5-20-89

Pi-93

II

It

It

Pcla-115

P. clavellata

GA: Carroll Co., muck soil, shade,
from P. integrilabia site

7-12-89

Pcil-154

P. ciliaris

TN: Van Buren Co., dry clay soil,
full sun

8-18-89

Pi-155

P. integrilabia

TN: McMinn Co., muck soil,
shade

8-19-89

Pcst-163

P. cristata

Ppsy-193

P.psycodes

It

"

NC: Buncombe Co., elev. ca.
1500 m, moist, rich soil

6-24-91

108
1990) in darkness at 22 C. Mean hyphal and monilioid cell measurements were obtained
for at least three replicates on PDA, CMA and TWA. An attempt was made to promote
induction of the teleomorph by growing cultures >50 days on PDA, CMA, TWA, cereal
agar (CER; Padhye, Sekhon and Carmichael, 1973; without chloramphenicol), oat meal
agar (OAT; Weitzman and Silva-Hunter, 1967; with carboxymethyl cellulose added), and
Warcup's cellulose agar (WCA; Warcup, 1973; with carboxymethyl cellulose added) under
natural illumination in a N-facing window at 22 C. Nuclei were stained by adding a 1: 1
ratio of 30 % KOH and 0.5 % safranin Oto actively-growing hyphae from the colony
margin (on PDA) and examined under a light microscope. For comparative purposes,
three fungal genera identified according to Moore's (1987) classification were obtained
from the University of Alberta (Canada) Microfungus Collection. These consisted of

Epulorhiza repens (Bernard) Moore (UAMH 5430), Moniliopsis anomala (Burgeff)
Currah (UAMH 6451), and Ceratorhiza goodyerae-repentis (Constantin and Dufour)
Moore (UAMH 6440).

Fun~al Isolation From Protoconns in situ
Seeds used in field sowings were collected from mature green capsules of 15 P .

integrilabia individuals at the largest extant population in McMinn Co., TN on 7 October
1992. Capsules were harvested just prior to dehiscence and dried in the laboratory for one
week on Drierite desiccant. Seeds were placed in sterile glass vials (Zettler and Mcinnis,
1992) followed by storage in darkness at 6 and -7 C for up to 6 months. Field sowings
were conducted using a technique similar to that reponed by Rasmussen and Whigham
(1993) in which seeds were placed within nylon (sifting material, 95 µm pore size,
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Carolina Biological Supply Co.,# 65-2222M) packets suspended in plastic 35 mm slide
mounts (Polaroid). After 50-500 seeds were placed on the nylon mesh, a small air space
was induced that allowed room for protocorm development. Each packet was then
stapled on all four sides, and nylon fishing line attached. Packets were then placed in close
proximity (ca. 10-20 cm) to adult plant root systems at the McMinn Co. site in late winter
(February) and collected 8 months later. Protocorms that developed leaf primordia and/or

first leaves/roots (Stages 3-5; Zettler and Mcinnis, 1992) were removed from packets,
surface sterilized (1 min in 5 ml NaOCl, 5 ml absolute ETOH, 60 ml sterile DI water) in
the laboratory, and rinsed twice with vigorous shaking (1 min in sterile DI water) in glass
vials. The majority of protocorms were then plated in modified Melin-Norkran's agar
(MMN; Marx, 1969) and incubated in darkness at 22 C for up to two weeks. Pure
cultures of fungi emerging from protocorms. were obtained from hyphal tips that were
subcultured on PDA. The remaining protocorms that were not plated on agar were
stained and mounted according to methods outlined in Phillips and Hayman (1970) and
examined for fungal infection.

Results and Discussion
Of the nine fungal isolates examined, all produced characteristics that suggested
classification into two distinctive groups. Three isolates (Sc-6, Peil, Ppsy-193; Table 7 .2)
had binucleate (Figure 7.2) and narrow (4.0-4.5 µm) hyphae with constricted branch
points (Figure 7 .5), somewhat rapid growth rates (0.1 mm/hr), generally arrested growth
on CER, smooth, ovoid to spherical, hyaline monilioid cells (Figure 7 .5), and closely
appressed, cream-colored mycelium (Figure 7 .1 ), and were treated as species of
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Table 7 .2. Characteristics of isolates identified as Epulorhiza.

On PDA (17 days at 22 C in darkness): binucleate; growth rate moderately rapid (0.100.12 mm/hr). Marginal mycelium mostly submerged, broken to entire (Pcil-154), cream to
colorless (MHC 4B2; MHC 3A2 for Pcil-154), hyphal width = 4.0-4.5 µm. Center of
colony with closely appressed mycelium, cream in color (MHC 4A4, 3A2, 5B2 for Sc-6,
Pcil-154 and Ppsy-193, respectively) later turning light yellow to tanish-orange, hyphal
width = 3.0-5.0 µm. Monilioid cells generally spherical or ellipsoidal (15.2-20.0 x 9.117.7 µm; Fig. 5), hyaline, usually in dichotomously-branched chains of 5-8 cells per chain.
Sclerotia, clamp connections, basidia/basidiospores absent.
On CMA and TWA (darkness, 22 C): Marginal mycelium submerged and entire (except
for Sc-6 with broken margins resembling a snowflake), hyphal width= 3.5-4.5 µm
Center of colony mostly submerged, transparent to slight cream in color, hyphal width
variable 1.5-8.0 µm. Monilioid cells absent (134 days), except for Sc-6 (spherical to
ellipsoidal, 15.5-11.6 µm, branched at base). Sclerotia, clamp connections,
basidia/basidiospores absent on all additional media and treatments.
Additional notes:
Sc-6

Monilioid cells present on OAT (numerous), 1WA, CMA and PDA (few)
under illumination. Growth nearly arrested on CER under illumination.
Isolated from Spiranthes cernua var. cernua and considered a symbiont of
that species; however, its use in symbiotic germination (of S. cernua) is not
recommended since other isolates (e.g., Pcil-154) were shown to be more
effective (Zettler and Mcinnis, 1993).

Pcil-154

Monilioid cells present on OAT and PDA under illumination. Extensive
and nearly arrested growth on WCA and CER, respectively, under
illumination. This isolate produces distinctive finger-shaped lateral
branches (Fig. 7.5). Isolated from P. ciliaris, but extremely effective in
symbiotic seed propagation of S. cernua (Zettler and Mcinnis, 1993) and S.
odorata (Nuttall) Lindl. (L. W. Zettler, F. Barrington and T. M. Mcinnis,
unpubl.). Effective in genninating seeds of P. integrilabia, but ineffective
in the soil establishment of embryos (Zettler and Mcinnis, 1992).
Ineffective in germinating seeds of the federally endangered Small Whorled
Pogonia, lsotria medeoloides (Pursh) Raf. (L. W. Zettler and T. M.
Mcinnis, unpubl.).
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Table 7 .2 (Continued)
Ppsy-193

Monilioid cells present on OAT (few), 1WA (few), CMA and PDA under
illumination. Growth nearly arrested on CER under illumination. Isolated
from P. psycodes and symbiotic with S. cernua (L. W. Zettler, M. E.
Pearce and T. M. Mcinnis, unpubl.).
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Figure 7.1. Epulorhiza sp. (Pcil-154) on PDA after 53 days; isolated from Platanthera
ciliaris. Scale bar = 1 cm.
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Figure 7 .2. Binucleate hyphae of Epulorhiza sp. (Pcil-154) after staining. Position of
nuclei are indicated by arrow. Scale bar = 20 µm

114

Epulorhiza (Table 7.2). According to Currah and Zelmer (1992), Epulorhiza is a
distinctive genus that is frequently isolated from terrestrial orchids. Based on valid
published accounts (Currah, Sigler and Hambleton, 1987; Currah, Smreciu and
Hambleton, 1990; Currah and Zelmer, 1992), none of our Epulorhiza isolates can be
positively identified to species; however, they most closely resemble E. repens (UAMH
5430), a common species that has similarly been isolated from Platanthera (Currah, Sigler
and Hambleton, 1987) and Spiranthes (Nishikawa and Ui, 1976; Terashita, 1982) in
Canada and Japan, respectively.
The remaining six isolates have multinucleate hyphae (Figure 7.4) with a granular
cytoplasm (Figure 7.5), moderately slow growth rates (0.03-0.09 mm/hr), generally
arrested growth on WCA, elongated monilioid cells joined at constricted points (Figure
7 .5), mostly aerial, transparent white-cream hyphae (Figure 7.3), and a faint coconut-like
odor on PDA. According to published descriptions (Currah, Sigler and Hambleton, 1990;
Currah and Zelmer, 1992), species of Moniliopsis are characterized by having broad (6-10
µm) hyphae, and broadly attached, barrel-shaped monilioid cells (Currah and Zelmer,
1992) among other characters. Although some of our isolate's characteristics appear to
suggest classification into Moniliopsis (e.g., multinucleate hyphae), other characters (e.g.,
narrow hyphae < 6.0 µm, monilioid cells connected at constricted points), do not fit the
description for the genus. In culture, Moniliopsis anomala (UAMH 6451) did not
resemble any of our six isolates, especially with respect to its (rapid) growth rate, mostly
appressed, tan-colored mycelium and formation of dark, hardened, and numerous
sclerotia. At least one isolate (Pi-70) which closely resembled our other five

"Moniliopsis" isolates may actually be a species of Epulorhiza, based on preliminary
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Figure 7.3. "Moniliopsis" sp. (Pi-70) on PDA after 84 days; isolated from Platanthera
integrilabia. Scale bar= 1 cm.
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Figure 7.4. Multinucleate hyphae of "Moniliopsis" sp. (Pi-70) after staining. Position of
nuclei indicated by arrows. Scale bar = 20 µm
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I

D

Figure 7 .5. Monilioid cell and hyphal morphology of Epulorhiza and "Moniliopsis" spp.:
A. Monilioid cells of "Moniliopsis" sp. (Pi-70). Note the constricted attachment points
between cells (arrow), and granular appearance. B. Monilioid cells of Epulorhiza sp.
(Pcil-154). Note branching and smooth appearance. C..and D. Leading hypha of
Epulorhiza sp. (Pcil-154) with two laterial branch hyphae resembling a human index finger
before (C) and after (D) elongation. Scale bar= 50 µm
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enzymatic studies (R. S. Currah, pers. comm.). Because the symbiotic fungi of terrestrial
orchids of the southeastern United States has remained unstudied prior to this
investigation, the possibility exists for these six isolates to be treated as new taxa at a later
date, if unique characteristics can be induced in pure culture. Interestingly, these six
isolates were obtained from three P/atanthera species (P. clavellata, P. cristata, P.

integrilabia) inhabiting shaded bogs on muck (hydric) soils, whereas two of the three
Epu/orhiza isolates originated from orchids growing on dryer soils (Table 7.1). During
our research efforts over a five year period, we have yet to isolate similar "Moniliopsis"
fungi from orchids inhabiting dryer soils, in areas that would not appear to support P.

integrilabia. Similar fungi have been obtained from the roots of the federally endangered
Small Whorled Pogonia, /sotria medeoloides (Pursh) Raf. which inhabits mesic woods in
deep shade on well-drained soil; however, such fungi only vaguely resembled our

"Moniliopsis" isolates, and are yet to be confirmed symbionts since they were ineffective
in promoting seed germination of that species (L. W. 2.ettler and T. M. Mcinnis, unpubl.).
Of the 15 protocorms plated on agar, six harbored multinucleate "Moniliopsis" fungi
seemingly identical to those isolated from adult plants, as described in Table 7.3. Two
additional groups of fungi emerged from the remaining protocorms consisting of imperfect
(conidial) fungi, and darkly-pigmented isolates that resemble non-sporulating fungi
described in the literature as MRA (Mycelium radicis atrovirens; Currah, Smreciu and
Hambleton, 1990). None of the protocorm isolates have been identified as species of

Epulorhiza. Although we have not attempted to germinate seeds of P. integrilabia using
these newly acquired "Moniliopsis" isolates, we speculate that they would probably be
effective in promoting germination and seedling development, especially since we assume
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Table 7.3. Characteristics of multinucleate "Moniliopsis" isolates.

On PDA (17-40 days at 22 C in darkness): multinucleate; growth rate moderately slow
(0.027-0.095 mm/hr). Marginal mycelium entire with surface and submerged hyphae,
transparent to white (MHC 4B2-5B2), hyphal width = 5.0-6.0 µm; hyphae and monilioid
cells with distinctive granular appearance (Fig. 7 .5). Center of colony with submerged,
surface and obvious aerial mycelium forming small fuzzy white balls or tufts of loose
monilioid cells/hyphae resembling sclerotia, transparent to cream in color turning light
tan/gray at center with age (>40 days; see below), hyphal width = 4.5-5.6 µm. Monilioid
cells elongated to elliptical 11.1-25.8 x 9.1-12.7 µmin simple chains usually consisting of
fewer than 10 cells per chain, and attached at constricted points (Fig. 7 .5). Hardened
sclerotia, clamp connections and basidia/basidiospores absent
On CMA and TWA (darkness at 22 C): Marginal mycelium entire with mostly
submerged hyphae 4.5-6.1 (usually 5.0) µmin width. Center of colony mostly submerged,
transparent to dark-cream in color, hyphal width variable, 2.5-8.1 µm. Monilioid cells
generally absent (133 days), except for Pi-89 (uncommon). Sclerotia, clamp connections
and basidia/basidiospores absent on all additional media and treannents.
Additional notes:
Pi-70

Colony color on PDA = MHC 5B2. Monilioid cells present on OAT (few),
WCA, CMA and PDA under illumination. Growth nearly arrested on
WCA under illumination. Isolated from P. integrilabia. Considered an
effective symbiont with that species (Zettler and Mcinnis, 1992, 1994), but
ineffective in germinating seeds of S. cernua (Zettler and Mcinnis, 1993).

Pi-89

Colony color on PDA = MHC 6C3-6C4. Monilioid cells present on OAT,
1WA, CMA (few) and PDA (numerous). Growth largely arrested on
WCA and CER. This isolate was considered the most effective fungus in
establishing seedlings of P. integrilabia on soil after symbiotic germination
in vitro (Zettler and Mcinnis, 1992).

Pi-93

Colony color on PDA = MHC 5C2-5D2. Monilioid cells present on OAT,
CER (few) and PDA. Growth nearly arrested on WCA, poor on OAT and
extensive on CER. Effective symbiont of P. integrilabia (Zettler and
Mcinnis, 1992, 1994).

Pcla-115

Colony color on PDA = 4B2-3B2. Monilioid cells present on OAT (few),
1WA (few) and PDA. Growth largely arrested on CER and WCA.
Isolated from P. clavellata at a P. integrilabia population in W Georgia.
Effective in establishing P. integrilabia seedlings on soil (Zettler and
Mcinnis, 1992).
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Table 7.3 (Continued)
Pi-155

Colony color on PDA = 4A4. Monilioid cells present on OAT (few), CER
(few) and PDA. Growth mostly arrested on WCA and OAT. Considered
poorly symbiotic with P. integrilabia (2.ettler and Mcinnis, 1992) despite
its close resemblance to the other isolates obtained from that species.

Pcst-163

Colony color on PDA = 5C3. Monilioid cells present on TWA (few) and
PDA. Growth mostly arrested on WCA, OAT and poor on TWA.
Isolated from P. cristata and an effective symbiont of P. integrilabia
(2.ettler and Mcinnis, 1992).
·
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they played a key role in establishing a symbiosis with their protoconn host. 1bis i s also
supported by our observation of pelotons in stained protoconns indicating that a
compatible orchid/fungus association was e stablished (Clements, 1988). Some
investigators have proposed that the endophytes associated with the roots of adult orchids
are different from those that initially establish the symbiosis (H. N. Rasmussen, pers.
comm.), and may in fact be less effective at in vitro seed germination. While this may be
true for some species, it would appear that P. integrilabia retains its "Moniliopsis" fungi
well into adulthood, possibly to its continuing benefit. Under this scenario, adults of this
endangered species could probably perpetuate its existence in a given population by
continuously serving as an inoculum base for seed embryos with inoculum. At the other
extreme, P. integrilabia's distribution could thus be severely limited if these unusual fungi
required for germination are uncommon in areas other than those that already harbor P .

integrilabia or other related taxa.

CHAPTER VIII
CONCLUSIONS

1. Human factors (e.g., habitat destruction, collecting) pose the greatest threat to
existing Platanthera integrilabia populations; however, other biological
factors (e.g., few(< 5 %) flowering specimens/population, low fruit set, lack
of suitable fungi for seed germination) probably contribute to its limited
distribution.
2. Only a single large population containing hundreds of flowering specimens
currently remains and is located within the Cherokee National Forest, McMinn
Co., TN. This population is currently threatened by collectors (poachers) and
should be vigorously protected as a source of seed for future conservation
programs.
3. Despite flowers best suited for pollination by moths (Lepidoptera: Sphingidae),
P. integrilabia was pollinated by three species of day-flying butterflies Papilio
spp., Epargyreus sp.). Visits by insects in additional orders (Coleoptera,
Diptera and Hymenoptera) did not result in pollinia removal. Sporadic
pollinations by sphingid moths, however, are not ruled out.
4. Percent fruit set was considerably higher at the largest known population (57
% ) compared with that recorded for two smaller populations (7-20 % ).
Higher fruit set is likely attributed to the increased frequency of successful
pollinations.
5. Under ideal natural conditions, approximately 4.7 capsules are produced per
inflorescence and 3,433 seeds per capsule. Thus, each individual has the
potential to produce over 16,000 seeds.
6. Symbiotic seed germination is a feasible means of propagation. Despite
percent germination as high as 73 %, fewer than 3 % of seeds germinated in
vitro grew to soil-established seedlings in a greenhouse. Seeds that did not
receive fungal inoculation germinated, but had greatly arrested development.
Therefore, P. integrilabia requires infection by suitable (mycorrhizal) fungi for
completion of its life cycle.
7. Seeds obtained from the largest remaining population had a significantly higher
percent germination than those collected from smaller populations. This is
likely attributed to reduced inbreeding resulting in healthier progeny.
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8. The fungi isolated from the roots of adult P . integrilabia and associated orchid
taxa (P. clavellata, P. cristata) were capable of forming a compatible
symbiosis with seed embryos and seedlings. Therefore, the mycorrhizal fungi
of other terrestrial orchids are capable of sustaining P. integrilabia in suitable
areas. This would argue against a fungal specificity.
9. Light plays a significant role during the early establishment of the symbiosis.
Seeds subjected to a 7 day 16 hr light regime fpllowed by complete darkness
had a significantly higher percent germination than seeds germinated in
darkness alone. Seeds exposed to continuous light were largely inhibited from
germinating. Fungi and light combined had a synergistic effect on seed ·
germination. The powerful influence of light is attributed to early light
exposure of the species' seeds following their release from capsules and prior
to fixation in a fungus-laden substrate.
10. Seeds of P. integrilabia germinate best on soils from existing P. integrilabia
populations, or from areas that appear suitable to the species. Seeds were
largely inhibited from germinating in areas that appeared unsuitable to the
species existence. Seed germination and protocorm development in situ was
comparable to that observed using in vitro symbiotic techniques. Thus, P .
integrilabia is probably limited by suitable habitat, and at least partially by the
availability of suitable fungi for seed germination.
11. The symbiotic fungi of P. integrilabia appear to be unique, undescribed species
of Moniliopsis. These fungi were exclusive to the roots systems of orchids
inhabiting shaded bogs suitable to, or already containing P. integrilabia.
Protocorms germinated in situ harbor seemingly-identical fungi as those in
adult plants. Therefore, P. integrilabia appears to retain its fungal flora into
adulthood, possibly to its continuing benefit.
12. Platanthera integrilabia should receive immediate federal (C2) protection as
an endangered species; however, protection alone will not likely save the
species from extinction. The continued survival of P. integrilabia will
probably depend on the rapid implementation of symbiotic seed germination
techniques followed by the introduction of fungus-infected seedlings into
suitable habitats large enough to ultimately sustain extensive cross pollinations.
Even under these conditions should they materialize, the establishment of an
ecologically-stable large population resembling the McMinn Co., TN site is
highly unlikely. Under this scenario, and based on historical trends, P.
integrilabia will very likely become extinct within the next century.
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